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1 Motivation

Seit Isodor Isaac Rabi im Jahr 1937 die Larmorfrequenz des Kernspins in einem
aukeren Magnetfeld gemessen hat [1-3|, sind noch vier Jahrzehnte vergangen,
bis Peter Mansfield das erste in-vivo Bild eines menschlichen Fingers mit Hilfe
des Phinomens der Kernspinresonanz im Jahre 1977 veréffentlichte [4]. In den
folgenden Dekaden entwickelte sich die Magnetresonanztomographie (MRT) nicht
nur zu einem der wichtigsten Verfahren der anatomischen Bildgebung, sondern
es entstand auch das neue Forschungsgebiet der molekularen Bildgebung. Diese
Bildgebung ermoglicht eine biochemische Charakterisierung des Gewebes und
kann so bedeutende Informationen fiir die medizinische Diagnostik liefern.

Eine Methode der molekularen Bildgebung, die ohne zusétzliche System-
Hardware auskommt und daher an klinischen MR-Systemen eingesetzt werden
kann, ist ,Chemical Exchange Saturation Transfer* (CEST) [5]. Sie beruht auf
der Beeinflussung des MR-Signals durch den chemischen Austausch von Protonen
eines Molekiils mit Protonen des Wassers |5, 6]. Durch die Analyse des chemischen
Austausches konnen wichtige Erkenntnisse iiber den pH-Wert des Gewebes und
die Konzentration der im Gewebe enthaltenen Stoffe gewonnen werden. Ein Nut-
zen dieser Methode wird in den Feldern der Tumorbildgebung, der Darstellung
metabolischer Verdnderungen in Folge von Nierenerkrankungen, der Knorpelbild-
gebung sowie der Beurteilung neurologischer Erkrankungen erwartet |[7—12|. Das
Potential der CEST-Bildgebung, zukiinftig auch in der Klinik eingesetzt zu wer-
den, ist daher evident und macht sie zu einem relevanten Forschungsgegenstand.

Die Weiterentwicklung von CEST zu einem klinisch einsetzbaren Verfahren
ist herausfordernd. Die CEST-Technik reagiert sehr sensitiv auf Magnetfeldin-
homogenititen und Bewegung. Zudem werden die Messergebnisse der CEST-
Bildgebung oft durch Verdnderung der Messparameter selbst, aber auch durch
physiologisch bedingte Verinderungen des Gewebes beeinflusst. Daher ist die
Erforschung von Methoden notwendig, die eine stabilere quantitative CEST-
Bildgebung insbesondere im Bereich klinisch einsetzbarer Magnetfeldstarken er-
moglichen.

Folglich sind die Ziele der Studien dieser Habilitationsschrift die Untersuchung
der Abhéngigkeiten der CEST-Technik von physiologischen Parametern, die Op-
timierung und Weiterentwicklung der technischen Methoden der molekularen
CEST-Bildgebung sowie die Evaluierung der Mdoglichkeit, quantitative Informa-
tionen iiber den pH-Wert und die Konzentration bestimmter Stoffe mit diesem
Verfahren zu gewinnen.
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2 Einleitung

In diesem Kapitel wird zunéchst die historische Entwicklung der MRT von der
Entdeckung des Spins bis hin zur molekularen Bildgebung beschrieben. Es folgt
ein Vergleich verschiedener Verfahren zur biochemischen Charakterisierung des
Gewebes.

2.1 Entwicklung der MRT: Von der Entdeckung
des Spins bis zur molekularen Bildgebung

Die MRT kann mit Hilfe der Spindynamik beschrieben werden. Nach der Ein-
fithrung der Idee des intrinsischen Spins durch Wolfgang Pauli |13] sowie ersten
experimentellen Nachweisen des Spins durch Otto Stern und Walther Gerlach im
Jahre 1924 [14] gelang es Isodor Isaac Rabi im Jahre 1937, die Larmorfrequenz
des Kernspins in einem duferen Magnetfeld zu messen [1-3].

1946 wurde von Felix Bloch und Edward Purcell unabhéngig voneinander theo-
retisch und experimentell gezeigt, dass die Kernspin-Resonanz nicht nur in frei-
en Atomen gemessen werden kann, sondern auch in Atomkernen, welche sich in
Festkorpern und Fliissigkeiten befinden |3, 15-17|, wofiir beide im Jahre 1952 den
Nobelpreis fiir Physik erhielten. Erste Untersuchungen von biologischem Gewebe
wurden 1955 von Erik Odeblad und Gunnar Lindstrom durchgefiihrt [18]. Die
Bildgebung mittels der MRT geht auf die Idee von Paul Lauterbur aus dem Jahr
1971 zuriick, Magnetfeldgradienten fiir die rdumliche Kodierung des Spinsystems
einzusetzen. Bereits zwei Jahre spiter, im Jahre 1973, konnten erste MR-Bilder
akquiriert werden [19]. Die ersten anatomischen in-vivo Bilder im Menschen wur-
den 1977 durch Peter Mansfield und Andrew A. Maudsley veroffentlicht [4]. Fiir
ihre Entdeckungen im Bereich der Magnetresonanzbildgebung erhielten Mansfield
und Lauterbur in Jahr 2003 den Nobelpreis fiir Medizin.

Wegen der hohen Signalstirke bei der Bildgebung der Wasserstoffkerne ('H-
Kerne) werden diese als Signalquelle in der klinischen Routine mittels der MR-
Tomographie verwendet. Diverse Studien beschéftigen sich aber auch mit den dia-
gnostischen Moglichkeiten, die anhand anderer Kerne mit einem Kernspin gewon-
nen werden konnen. Diese Art der Bildgebung wird auch als X-Kern-Bildgebung
bezeichnet. Zu den Kernen, die mittels der X-Kern-Bildgebung untersucht wer-
den, gehéren beispielsweise 23Na, 'O und **Cl. Durch ihre im Vergleich zu
Wasserstoftkernen geringere Haufigkeit im menschlichen Koérper sowie durch ihr
niedrigeres gyromagnetisches Verhiltnis hat diese Art der Bildgebung jedoch ein
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schlechteres Signal-zu-Rausch Verhiltnis (SNR) als die 'H-Bildgebung, welche
die anatomische Bildgebung dominiert. Die X-Kern-Bildgebung wird hingegen
iiblicherweise zur Ermittelung molekularer und metabolischer Informationen ein-
gesetzt [20, 21].

Molekulare Informationen kénnen aber auch mit der 'H-Bildgebung gewonnen
werden. Hierzu kann das Verfahren CEST verwendet werden, welches in den Jah-
ren 1989 und 1990 von Steven D. Wolff und Robert S. Balaban eingefiihrt wurde
[22, 23]. CEST basiert auf dem chemischen Austausch von Protonen, welcher das
mittels der MRT gemessene Signal der Magnetisierung beeinflusst [22 24]. Inzwi-
schen wurde die CEST-Bildgebung schon in unterschiedlichen Forschungsgebie-
ten eingesetzt. So wurde sie beispielsweise benutzt, um den Tumormetabolismus
abzuschétzen 25|, um die Knorpelqualitit zu beurteilen |26, 27|, um molekulare
Verénderungen in Folge von Diabetes darzustellen [28|, um akutes Nierenversagen
zu untersuchen [11] sowie um den Metabolismus des Herzens zu beurteilen [29].
Wihrend die ersten Entwicklungen in der CEST-Bildgebung semi-quantitative
Ergebnisse lieferten, entwickelt sich das Verfahren immer weiter hin zur quanti-
tativen Bildgebung [30, 31].

2.2 Gewinnung molekularer Informationen
mittels MRS, MRT und PET

Neben der Bildgebung mittels der MRT eignen sich zur Gewinnung molekula-
rer Gewebeinformation auch die Magnetresonanzspektroskopie (MRS) sowie die
Positronen-Emmissions-Tomographie (PET).

Die MRS kann an konventionellen MRT-Systemen durchgefiihrt werden [32]
und misst die Signalintensitdt bei unterschiedlichen Frequenzen in einem vorab
definierten Volumen. So entsteht ein Spektrum, welches Riickschliisse auf die
Stoffe im Gewebe ermdglicht.

Ein Nachteil der MRS ist ihre geringe Sensitivitit, welche beispielsweise durch
die geringe Konzentration und die spektrale Uberlagerung einiger Stoffe entsteht.

Bei der PET wird ein Tracer in den Korper des Patienten gebracht. Der Tracer
ist dabei ein Molekiil, welches einen Positronenstrahler enthélt. Die wichtigsten
Positronenstrahler, die in der Nuklearmedizin verwendet werden, sind °P, ¥F
150, BN und MC [33]. Das Ziel ist es, mit Hilfe der PET den Tracer im Kor-
per zu lokalisieren und dadurch Informationen iiber den Gewebemetabolismus zu
erhalten.

Nachteile der PET sind die im Vergleich zur MRT geringere rdumliche Aufl6-
sung sowie die Belastung des Patienten durch radioaktive Strahlung [32]. Diese
entsteht einerseits durch die Verwendung des Tracers, andererseits aber auch
durch eine Transmissionsmessung, welche fiir die Messung der Abschwichung des
PET-Signals durch Absorption von Photonen im Kérper benutzt wird [32].
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Im Gegensatz zu der PET muss bei der MRT keine ionisierende Strahlung ver-
wendet werden. Sie ist eine vielseitig einsetzbare Technik, die neben der Bildge-
bung der Anatomie auch physiologische und molekulare Eigenschaften darstellen
kann [34]. Diese Eigenschaften spielen eine bedeutende Rolle fiir die moderne me-
dizinische Diagnostik. In der MRT kdnnen die in Kapitel 2.1 bereits eingefiihrte
X-Kern-Bildgebung, die Bildgebung mittels Kontrastmitteln sowie die CEST-
Bildgebung fiir die molekulare Bildgebung genutzt werden.

Die X-Kern-Bildgebung erlaubt die Quantifizierung unterschiedlicher molekula-
rer Effekte im Korper. Dazu werden verschiedene Kerne genutzt wie beispielsweise
die im Kapitel 2.1 bereits genannten Isotope 2*Na, 7O und 3°CI. Die X-Kern-
Bildgebung wird in diversen Bereichen wie etwa in der Tumor-Bildgebung, in der
Abschéatzung der Funktion der Niere und in der Beurteilung der Knorpelquali-
tiat eingesetzt [35-39]. Hauptnachteile der X-Kern-Bildgebung sind, wie bereits
erwiahnt, ein geringeres MR-Signal im Vergleich zur Standard-Bildgebung von
Protonen sowie spezielle Anforderungen an die System-Hardware. Daher ist die
X-Kern-Bildgebung an vielen klinischen MR-Geréten aktuell noch nicht moglich.

Die molekulare Bildgebung mittels Kontrastmittel wird beispielsweise zur Be-
urteilung von Knorpelschéden eingesetzt [40]. Die Darstellung von Knorpelschi-
den erfolgt dabei mit der Methode ,dGEMRIC*, welche das negativ geladene Kon-
trastmittel Gadopentetat-Dimeglumin (Gd-DTPA?~) verwendet, um den Glyko-
saminoglykangehalt im Knorpel abzuschitzen [40]. Wegen moglicher Begleiter-
scheinungen beim Einsatz von gadoliumhaltigen Kontrastmitteln wie Gadolini-
umablagerungen und die Entwicklung einer nephrogenen systemischen Fibrose
wird die Bildgebung ohne Kontrastmittel immer wichtiger [41 44].

Die ! H-basierte Bildgebung des chemischen Austausches mittels CEST ermog-
licht es, Informationen iiber chemische Verbindungen zu gewinnen, welche Pro-
tonen besitzen, die an Austauschprozessen mit Wasserprotonen teilnehmen [32].
Die CEST-Bildgebung hat folgende Vorteile:

1. CEST kann sowohl mit als auch ohne Kontrastmittel verwendet werden.

2. CEST ermdoglicht die Darstellung quantitativer Information iiber die bio-
chemische Zusammensetzung.

3. CEST ist eine bildgebende Technik ohne Strahlenbelastung.
4. CEST benoétigt keine zusédtzliche System-Hardware.

5. CEST kann an klinischen MR-Tomographen benutzt werden.
6. CEST erfordert keine radioaktiven Tracer.

Sie kann in unterschiedlichen Regionen angewendet werden wie beispielsweise
im Gehirn, in den Bandscheiben, in der Niere und im Herzen |11, 12, 29, 32|.
Sie ermdglicht es auch, quantitative Erkenntnisse iiber den pH-Wert und die
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Konzentrationen bestimmter chemischer Verbindungen zu gewinnen. Die Bestim-
mung des pH-Werts hat in der medizinischen Diagnostik besondere Relevanz, da
dieser sich beispielsweise bei Tumor- und Nierenerkrankungen [10, 45-47] ver-
andert. Auch die Konzentration bestimmter chemischer Verbindungen veréndert
sich durch pathologische Prozesse. So fiihren degenerative Knorpelverdnderungen
zu einer Abnahme des Gehalts der Glykosaminoglykane (GAG) |9] und Niere-
nerkrankungen haben Auswirkungen auf den corticomedullaren Gradienten der
Harnstoff-Konzentration [48].

10 Habilitationsschrift Dr. rer. nat. Anja Miiller-Lutz



3

Ziele der Arbeit

Die Hauptziele dieser Arbeit sind die Optimierung des Verfahrens CEST an ei-
nem klinischen 3 Tesla Gerit, die Untersuchung der Bestimmung quantitativer
Informationen mittels CEST sowie die Herausarbeitung der Abhéngigkeiten des
CEST-Effekts von physiologischen Parametern.

Die Ziele dieser Arbeit konnen wie folgt dargestellt werden:

Bestimmung der Abhéngigkeiten des CEST-Effekts vom Alter, vom Ge-
schlecht, vom BMI und von der transversalen Relaxationszeit 12

Erstmalige Messung des CEST-Effekts bei 3T in zervikalen Bandscheiben
und im OSG

Technische Verbesserungen der CEST-Bildgebung in Bandscheiben mittels
Bewegungskorrektur

Entwicklung und Untersuchung verschiedener Methoden zur Korrektur von
Magnetfeldinhomogenititen

Untersuchung der Abhéngigkeit des CEST-Effektes von Messparametern
bei der Datenakquisition

Untersuchung der quantitativen CEST-Bildgebung mit und ohne Kontrast-
mittel
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5 Kurze Zusammenfassung der
Inhalte aus den Publikationen

[I] Miiller-Lutz A, Schleich C, Pentang G, Schmitt B, Lanzman RS,
Matuschke F, Wittsack HJ, Miese F. Age-dependency of glycosamino-
glycan content in lumbar discs: A 3T gagCEST study. J Magn Reson
Imaging, 2015, 42(6):1517-23

In dieser Studie wurde die Abhingigkeit des CEST-Effektes in den Band-
scheiben vom Alter untersucht. Hierzu wurde der CEST-Effekt in den lumbalen
Bandscheiben von 70 Probanden ohne Riickenschmerzen in einem Alter von 21
bis 69 Jahren analysiert. Die Studie zeigte eine Reduktion des CEST-Effektes
in den Bandscheiben mit zunehmendem Alter. Diese Reduktion konnte auf eine
Verminderung der Konzentration der Glykosaminoglykane zuriickzufiihren sein.

[IT] Miiller-Lutz A, Schleich C, Schmitt B, Antoch G, Matuschke F,
Quentin M, Wittsack HJ, Miese F. Gender, BMI and T2 dependen-
cies of glycosaminoglycan chemical exchange saturation transfer in
intervertebral discs. Magn Reson Imaging, 2016, 34(3):271-5

In dieser Studie wurde die Abhingigkeit des CEST-Effektes von Body Mass
Index (BMI) und Geschlecht sowie von der transversalen Relaxationszeit
T5 untersucht. Hierzu wurde der CEST-Effekt der lumbalen Bandscheiben
von 17 Méannern und 17 Frauen evaluiert. Frauen zeigten in dieser Studie
einen hoheren CEST-Effekt als Ménner. Des Weiteren korrelierte der CEST-
Effekt negativ mit dem BMI und positiv mit der transversalen Relaxationszeit 7.

[ITI] Schleich C*, Miiller-Lutz A*, Zimmermann L, Boos J, Schmitt
B, Wittsack HJ, Antoch G, Miese F. Biochemical imaging of cervical
intervertebral discs with glycosaminoglycan chemical exchange sa-
turation transfer magnetic resonance imaging: feasibility and initial
results. Skeletal Radiol, 2016, 45(1):79-85 *Christoph Schleich and
Anja Miiller-Lutz have contributed equally.

In dieser Studie wurde die Mdoglichkeit aufgezeigt, mittels biochemischer Bild-
gebung den CEST-Effekt in den zervikalen Bandscheiben zu bestimmen. Hierzu
wurde der CEST-Effekt in 42 zervikalen Bandscheiben von 7 Probanden (Alter:
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21,4+1,4 Jahre) ohne Riickenschmerzen gemessen. Zusétzlich zur biochemischen
Bildgebung wurde eine T2-gewichtete Bildgebung durchgefiihrt, um anschliefsend
eine Differenzierung zwischen degenerativen und nicht-degenerativen Bandschei-
ben zu ermdoglichen. Die CEST-Bildgebung der zervikalen Bandscheiben war
technisch erfolgreich. Bandscheiben mit degenerativen Verédnderungen wiesen
einen signifikant niedrigeren CEST-Effekt im Vergleich zu Bandscheiben ohne
Degeneration auf.

[IV] Abrar DB, Schleich C, Radke KL, Frenken M, Stabinska J,
Ljimani A, Wittsack HJ, Antoch G, Bittersohl B, Hesper T, Nebelung
S, Miiller-Lutz A. Detection of early cartilage degeneration in the
tibiotalar joint using 3T gagCEST imaging: a feasibility study. Magn
Reson Mater Phy, 2020, doi: 10.1007/s10334-020-00868-y. Online
ahead of print

In dieser Studie wurden die Messparameter fiir die CEST-Bildgebung mit Hilfe
der Bloch-McConnell Gleichungen fiir die Darstellung der Glykosaminoglykane
im oberen Sprunggelenk (OSG) optimiert. Anschliefend wurden die optimierten
Parameter fiir die Messung des CEST-Effektes des OSGs von 17 gesunden
Probanden und fiinf Patienten mit osteochondralen Lisionen verwendet. Der
CEST-Effekt im Knorpel des OSGs war im Patientenkollektiv geringer als im
gesunden Vergleichskollektiv.

[V] Miiller-Lutz A, Schleich C, Schmitt B, Topgéz M, Pentang G,
Antoch G, Wittsack HJ, Miese F. Improvement of gagCEST imaging
in the human lumbar intervertebral disc by motion correction. Skeletal
Radiol, 2015, 44(4):505-11

In dieser Studie wurde untersucht, ob eine Verbesserung der CEST-Bildgebung
in den menschlichen Bandscheiben durch Bewegungskorrektur erzielt werden
kann. Hierzu wurde der CEST-Effekt der lumbalen Bandscheiben von 12 Proban-
den mit und ohne Bewegungskorrektur analysiert. Es wurde gezeigt, dass Bewe-
gungskorrektur das Verhéltnis zwischen Signal und Rauschen (SNR) verbessert.
Dadurch konnte eine signifikante Verbesserung der biochemischen Bildgebung der
Bandscheiben erzielt werden.
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[VI] Miiller-Lutz A, Matuschke F, Schleich C, Wickrath F, Boos
J, Schmitt B, Wittsack HJ. Improvement of water saturation shift
referencing by sequence and analysis optimization to enhance chemical
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In dieser Studie wurden die Messparameter zur Korrektur von By-
Feldinhomogenititen mit Hilfe von Simulationen optimiert. Anschlieftend
wurden Methoden zur Datenauswertung fiir die Abschitzung von By-
Feldinhomogenitidten weiterentwickelt und mit bereits etablierten Verfahren
verglichen. Fiir diesen Vergleich wurden sowohl Simulationen als auch zwei
in-vivo Messungen verwendet. Es konnte gezeigt werden, dass durch die in dieser
Studie vorgestellten Optimierungen und Weiterentwicklungen die Korrektur von
By-Feldinhomogenititen verbessert werden kann.
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Wittsack HJ, Schleich C. Comparison of B, versus B, and B; field
inhomogeneity correction for glycosaminoglycan chemical exchange sa-
turation transfer imaging. Magn Reson Mater Phy, 2018, 31(5):645-651

In dieser Studie wurde die Auswirkung von zwei unterschiedlichen Methoden
zur Feldinhomogenitédtskorrektur auf den beobachteten CEST-Effekt der lum-
balen Bandscheiben von 20 Probanden untersucht. Die erste Methode (WASSR
= Water Saturation Shift Referencing) diente zur Korrektur von Bj- Feldin-
homogenitéten, die zweite Methode (WASABI = ,mapping of water frequency
shift and B; amplitude*) hingegen zur Korrektur von sowohl By- als auch B-
Feldinhomogenitdten. Beide Methoden zur Feldinhomogenitétskorrektur fiihrten
zu einem signifikant héheren CEST-Effekt im Nucleus Pulposus (Gallertkern der
Bandscheibe) im Vergleich zum Annulus Fibrosus (Faserring der Bandscheibe).
Die Korrektur beider Arten von Feldinhomogenititen fiihrte zu einer Steigerung
des beobachtbaren CEST-Effekts und des SNRs.

[VIII] Miiller-Lutz A, Cronenberg T, Schleich C, Wickrath F, Zaiss
M, Boos J, Wittsack HJ. Comparison of glycosaminoglycan chemical
exchange saturation transfer using Gaussian-shaped and off-resonant
spin-lock radiofrequency pulses in intervertebral disks. Magn Reson
Med, 2017, 78(1):280-284

In dieser Studie wurde der CEST-Effekt in lumbalen Bandscheiben von 15
Probanden mit einer Pridparation der Magnetisierung durch Gauss-férmige und
Spin-Lock (SL) Hochfrequenzpulse (HF-Pulse) evaluiert. Die Ergebnisse fiir den
CEST-Effekt waren fiir beide Techniken der HF-Einstrahlung vergleichbar und
ermoglichten eine Differenzierung zwischen dem Nucleus Pulposus und Annulus
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Fibrosus. Daher konnen sowohl SL als auch Gauss-formige HF-Pulse fiir die
Praparation der Magnetisierung verwendet werden.

[IX] Miiller-Lutz A, Khalil N, Schmitt B, Jellus V, Pentang G,
Oeltzschner G, Antoch G, Lanzman RS, Wittsack HJ. Pilot study
of Iopamidol-based quantitative pH imaging on a clinical 3T MR
scanner. Magn Reson Mater Phy, 2014, 27(6):477-85

In dieser Pilotstudie wurde die biochemische Bildgebung mittels CEST mit
dem Kontrastmittel lopamidol sowohl in vitro als auch erstmalig in vivo in
einer 63 Jahre alten Patientin untersucht. Diese Bildgebung, verkniipft mit einer
dedizierten Auswertungsmethode, ermoglichte eine pH-Wert Bestimmung, welche
unabhéingig von der verwendeten Konzentration des Kontrastmittels Iopamidol
war. Der in der Patientin mittels MRT gemessene pH-Wert des Urins stimmte
dabei mit dem nach der Messung bestimmten ex-vivo pH-Wert des Urins iiberein.

[X] Stabinska J, Cronenberg T, Wittsack HJ, Lanzman RS, Miiller-
Lutz A. Quantitative pulsed CEST-MRI at a clinical 3T MRI system.
Magn Reson Mater Phy, 2017, 30(5):505-516

In dieser Studie wurde mit Hilfe von Simulationen und MR-Messungen von
Phantomen untersucht, ob die Konzentration und chemische Austauschrate
von Kreatin an einem klinischen 3 Tesla MR-System bestimmt werden kann.
An klinischen MR-Systemen muss aufgrund von Hardware-Limitationen und
SAR-Richtlinien eine gepulste Form des Sattigungsmoduls verwendet werden.
Die Ergebnisse zeigten, dass eine quantitative Analyse der Kreatin-Konzentration
und der Austauschrate von Kreatin mittels der gepulsten CEST-Bildgebung
auch bei 3 Tesla moglich ist.

[XI] Stabinska J, Neudecker P, Ljimani A, Wittsack HJ, Lanzman
RS, Miiller-Lutz A. Proton exchange in aqueous urea solutions mea-
sured by water-exchange (WEX) NMR spectroscopy and chemical
exchange saturation transfer (CEST) imaging in vitro. Magn Reson
Med, 2019, 82(3):935-947

In dieser Studie wurde in Phantomen die Austauschrate von Harnstoff
bei verschiedenen pH-Werten mittels der CEST-Bildgebung und der WEX-
Spektroskopie abgeschiitzt. Dabei wurde die CEST-Bildgebung an einem klini-
schen 3 Tesla MRT und die WEX-Spektroskopie an einem 600 MHz NMR Spek-
trometer durchgefiihrt. Die Experimente zeigten, dass die WEX-Spektroskopie
die Austauschrate von Harnstoff bestimmen kann und dass mit der CEST-
Bildgebung in einem grofen Bereich von pH-Werten vergleichbare Ergebnisse
der Austauschrate erzielt werden konnen.
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6 Grundlagen der
Forschungsarbeiten

Im Folgenden werden zunéchst die Grundlagen der Magnetresonanztomographie
und die biochemische Bildgebung mit der CEST-Methode prisentiert. Im An-
schluss wird dargestellt, wie diese Methode quantitative molekulare Informatio-
nen von Gewebe liefern kann. Hierzu gehdren - wie im Kapitel 2.2 bereits er-
wahnt - die Bestimmung des pH-Werts und der Konzentration von Metaboliten
im Gewebe. Als nichstes werden technische Limitationen, die bei einer CEST-
Messung auftreten konnen, diskutiert. Neben der CEST-Methode kénnen quan-
titative Informationen iiber chemische Austauschprozesse ebenfalls mittels der
sWater Exchange* (WEX)-Spektroskopie erhalten werden, die kurz eingefiihrt
wird. Als Anwendungsgebiete der molekularen Bildgebung dienen die Darstellung
der Glykosaminoglykane (GAG) in den Bandscheiben und im oberen Sprungge-
lenk (OSG). Der Aufbau der Bandscheiben und des OSGs sowie die Moglichkeit,
den CEST-Effekt von GAG zu messen, werden daher in den Kapiteln 6.6 und 6.7
erlautert.

6.1 Grundlagen der MRT

Die MRT ist ein Verfahren, welches zur Bildgebung des menschlichen Korpers
genutzt werden kann [33, 49]. Sie basiert auf der Dynamik von Spin-Ensembles in
einem externen Magnetfeld [49], welche nachfolgend kurz physikalisch beschrieben
wird. Dabei entspricht die z-Achse stets der Orientierung des Hauptmagnetfeldes.
Des Weiteren ist die Beschreibung der MR-Grundlagen auf die Bildgebung mit
Protonen fokussiert.

Die z-Komponente des Drehimpulses ist gegeben durch [49]

. =40,5-h (6.1)

Dabei ist A definiert als h/(27), wobei h das Planck’sche Wirkungsquantum ist.
Der Drehimpuls steht in direktem Zusammenhang zum magnetischen Dipolmo-
ment p: g = I, wobei 7 das gyromagnetische Verhéltnis beschreibt |49]. Bei Pro-
tonen ist das gyromagnetische Verhéltnis iiber die Gleichung v/27 = 42,6 MHz/T
gegeben [49].

Kernspins in einem Magnetfeld B = By - e, wobei By die Stiarke des Magnet-
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feldes und e, der Einheitsvektor in z-Richtung ist, kénnen zwei Energieniveaus
haben (33, 49|
E = —uB = +0,5vhB, (6.2)

Die Energiedifferenz zwischen den beiden Energieniveaus ist somit gegeben durch
[49]
AE = ~yhBy = hw = 2rhf, (6.3)

wobei mit w = 27 f die Kreisfrequenz und mit f die Frequenz bezeichnet wird.
Die Frequenz f wird auch Larmorfrequenz genannt und ist durch

fi = -= B, (6.4)
27

gegeben [33, 49].
In den dieser Arbeit zugrunde liegenden Studien wurde eine Magnetfeldstirke

By von 3 Tesla benutzt. Bei dieser Magnetfeldstarke liegt die Larmorfrequenz in
der Grofenordnung von 127,8 MHz.

Fiir die MR-Bildgebung wird die makroskopische Magnetisierung M von N
Spins in einem Volumen V' gemessen [49]. M ist gegeben als [49]

1 N
M=o > (6.5)
=1

Mit der Magnetresonanztomographie kann die transversale Komponente der Ma-
gnetisierung M, gemessen werden [33|. Das Gesamtmagnetfeld ist eine Uberlage-
rung des Hauptmagnetfeldes und des Hochfrequenz-Feldes (HF-Feldes), welches
zur Signalanregung noétig ist [49]:

B(t) = Boe, + B (e coswt — ey sinwt) (6.6)

Hierbei sind e, e, und e, die orthogonalen Einheitsvektoren in die drei Raum-
richtungen.

Die zeitliche Entwicklung der Gesamtmagnetisierung wird mit Hilfe der Bloch-
Gleichung beschrieben [49]:

B~ (M0 x B(O) - 7 (a(D)ew + 14, (00ey) + 22 e, (07

Dabei ist T die longitudinale Relaxationszeit, T, die transversale Relaxations-
zeit, M., M, und M, sind die Komponenten der Gesamtmagnetisierung in x-,
y- und z-Richtung und die Gleichgewichtsmagnetisierung M, ist die Magneti-
sierung vor der Signalanregung. Die longitudinale Relaxationszeit wird auch als
Spin-Gitter-Relaxationszeit bezeichnet, da durch Interaktion der Spins mit der
Umgebung Energie abgegeben wird und so eine Relaxation hin zu M, erfolgt [33].
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Als longitudinale Relaxationsrate wird der Kehrwert der longitudinalen Relaxa-
tionszeit bezeichnet [49]. Die transversale Relaxationszeit tragt auch den Namen
Spin-Spin-Relaxationszeit und beruht auf der Wechselwirkung der Spins unter-
einander, die zu ihrer Dephasierung fiihrt [33]. Als transversale Relaxationsrate
wird der Kehrwert der transversalen Relaxationszeit bezeichnet [49]. Durch Ein-
fluss weiterer Faktoren wie beispielsweise Feldinhomogenitéten verkiirzt sich die
transversale Relaxationszeit [49]. Die effektive transversale Relaxationszeit wird
als T bezeichnet [49].

Die Echozeit Tr beschreibt iiblicherweise die Zeit zwischen Signalanregung
durch das HF-Feld und Signalakquisition [50]. Die Repetitionszeit T beschreibt
die Zeit zwischen aufeinanderfolgenden Signalanregungen [50]. Bei der Signal-
aufnahme wird das durch die Quermagnetisierung in der Spule induzierte Signal
akquiriert |33].

Im Folgenden wird dargestellt, wie mit Hilfe der MRT unterschiedliche Bild-
kontraste entstehen konnen. Hierfiir werden die Spinecho-Sequenz (SE-Sequenz)
und Gradientenecho-Sequenz (GRE-Sequenz) einfiihrt sowie die Einfliisse unter-
schiedlicher Echo- und Repetitionszeiten auf den Bildkontrast erortert.

Bei der SE-Sequenz wird nach der Zeit T /2 ein 180° HF-Puls eingestrahlt
[33]. Dieser sorgt dafiir, dass Spins, welche durch die Spin-Spin-Wechselwirkung
dephasiert wurden, wieder in Phase gebracht werden [33]|. Dadurch entsteht ein
Spin-Echo zum Zeitpunkt T [33|. Fiir eine 90°-Signalanregung resultiert bei der
SE-Sequenz die transversale Magnetisierung [49]

110 = 3.0 (1o (-2 ) (). o

Aus Gleichung (6.8) ldsst sich Folgendes ableiten: Falls Tr < Ty sowie T > T}
gilt, resultiert ein MR-Signal, welches unabhéngig von den Relaxationszeiten T
und 75 ist [33]. Unter der Bedingung, dass Tp < Ty sowie Ty < Ty ist, ist das
gemessene MR-Signal abhéingig von der T}-Zeit, nicht aber von der T,-Zeit |33].
Wenn T ~ Ty und Tr > T ist, wird das MR-Signal durch die T,-Zeit, nicht
aber durch die T}-Zeit beeinflusst [33].

Im Gegensatz zur SE-Sequenz werden bei der GRE-Sequenz Magnetfeldgradi-
enten benutzt, um ein Signalecho, welches auch als Feldecho bezeichnet wird, zu
erzeugen [51]. Zunéchst wird ein Gradient angewendet, welcher die Spins depha-
siert |51|. Nach einer Zeit T /2 wird ein Gradient mit umgekehrter Polaritéit ange-
wendet, welcher die Spins rephasiert |51|, wodurch ein Signalecho entsteht. Nach
dem Signalecho bleibt der umgedrehte Gradient fiir die Zeit T /2 eingeschaltet
[33]. Erwéhnenswert ist, dass die GRE-Sequenz im Gegensatz zur SE-Sequenz lo-
kale Feldinhomogenititen nicht refokussieren kann, wodurch bei geeigneter Wahl
von T und Tg ein Ty*-gewichtetes Bild akquiriert werden kann [51]. Ein grofer
Vorteil der Bildgebung mit der GRE-Sequenz ist die Mdglichkeit der schnellen
Bildgebung [51].
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Um den genauen Ursprungsort der gemessenen Magnetisierung bestimmen zu
konnen, ist es notig, M, ortsabhéngig zu rekonstruieren |33].

Da in dieser Habilitationsschrift die kartesische Bildgebung angewendet wird,
mochte ich mich im Folgenden auf die Beschreibung der kartesischen Ortskodie-
rung beschrianken. Diese erfolgt unter Verwendung von drei orthogonalen Gra-
dienten [51]. Der Punkt, an dem durch die drei orthogonalen Gradienten kein
Magnetfeld erzeugt wird, wird als Isozentrum bezeichnet |51].

Die Auswahl einer Schicht wird Schichtkodierung genannt [51|. Sie erfolgt durch
die gleichzeitige Anwendung eines Schichtselektionsgradienten G, und eines HF-
Pulses [51]. Die Larmorfrequenz wird durch die Anwendung des Gradienten be-
einflusst und betréigt

fro(r) = 5-(Bo+ Gur), (6.9)

wobei r den Abstand zum Isozentrum der Gradienten beschreibt |51|. Die Schicht-
dicke der mittels des Schichtselektionsgradienten definierten Schicht ist abhéingig
von der Bandbreite des HF-Pulses Af und betrégt [51]:

_2nAf

As =
7G|

(6.10)

Nach der Schichtselektion ist die Ortskodierung fiir jedes Pixel innerhalb der
selektierten Schicht erforderlich. Dafiir kann die Frequenz- und die Phasenkodie-
rung benutzt werden [33].

Die Phasenkodierung wird durch die Anwendung eines Phasenkodiergradien-
ten G, zwischen HF-Anregung und Auslesen des Signals realisiert |33]. Dadurch
dndert sich die Larmorfrequenz f;, abhéngig vom Ort r [33]:

Frp(r) = %(Bo +G,r) (6.11)
Nach Abschalten des Gradienten ist die Larmorfrequenz wieder fiir jeden Spin
identisch, die Phase ®, unterscheidet sich aber abhéngig vom Ort r [51]:

P(r), =r /OT G,(t)dt (6.12)

Die Frequenzkodierung erfolgt wihrend des Signalauslesens [33]. Der Frequenz-
kodiergradient G fiihrt dazu, dass die Spins wihrend der Signalaufnahme mit
der Frequenz

frs(r) = %(Bo + Gyr) (6.13)

préazedieren [33, 49|, wodurch die Empfangsspule ein Frequenzgemisch aufnimmt
|33|. Mittels Fourier Transformation kann folglich Information iiber den Ort der
Spins in Richtung des Frequenzkodiergradienten Gy gewonnen werden [49).
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6.2 CEST-Bildgebung

Die Bildgebung mittels des CEST-Kontrastes liefert Informationen iiber chemi-
sche Verbindungen, welche Protonen besitzen, die an Austauschprozessen mit
Wasserprotonen beteiligt sind [32]. Diese Verbindungen kénnen dabei in so ge-
ringen Konzentrationen vorliegen, dass sie mittels der Standard-MR-Bildgebung
nicht beobachtbar sind [32]. CEST nutzt den chemischen Austauschprozess, um
die Verbindungen indirekt iiber die Magnetisierung des Wassers darzustellen
[22, 24]. Dies ist nur moglich, da Protonen einer chemischen Verbindung, wel-
che im Folgenden auch als Losungsprotonen bezeichnet werden, eine andere Re-
sonanzfrequenz aufweisen als die Wasserprotonen [32]. Wenn Lésungsprotonen
mittels eines HF-Pulses so angeregt werden, dass die resultierende Magnetisierung
des Spinensembles keine longitudinale Komponente der Magnetisierung mehr auf-
weist, wird von einer Sattigung des MR-Signals gesprochen. Der Prozess der se-
lektiven Anregung der Protonen der chemischen Verbindung wird als ,LLabeling"
bezeichnet [52]. Durch den chemischen Austausch wird die Magnetisierung des
Wassers reduziert, das heifit, es resultiert eine Verminderung des Wassersignals.
Durch den stindigen Austausch von Losungsprotonen mit Protonen des Wassers
wihrend der Hochfrequenzanregung kann eine messbare Verdnderung des Was-
sersignals erzeugt werden [52].

Wasserreservoir W Reservoir der
Lésungsprotonen S
Awy Kws _ Aws
Mow o Mos
Riw Ksw R
Raow Rys

Abbildung 6.1: 2-Pool-Modell. Die Anzahl der Protonen des Reservoirs S ist im
Vergleich zu der Anzahl der Protonen im Reservoir W gering.
Awy = wwy — wo und Awg = wg — wy sind die Differenzen der
Resonanzfrequenzen des Reservoirs W bzw. S und der Larmor-
frequenz wy = vBy. Mow bzw. Myg ist die Magnetisierung der
Protonen im Reservoir W bzw. S ohne Sattigung. Ry bzw. Rig
sowie oy bzw. Rog sind die longitudinale bzw. transversale Re-
laxationsrate des Reservoirs S bzw. W. Eigene Abbildung modi-
fiziert nach [53].

Der CEST-Effekt kann physikalisch mittels des 2-Pool-Modells beschrieben
werden, bei dem die Gesamtheit der Losungsprotonen als Reservoir S und die
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Wasserprotonen als Reservoir W dargestellt werden (siehe Abbildung 6.1)]53].
Das Reservoir S ist dabei klein im Vergleich zum Reservoir W. In diesem Mo-
dell findet ein Austausch zwischen den Losungsprotonen aus Reservoir S und den
Wasserprotonen aus Reservoir W statt.

In dem 2-Pool-Modell werden mit Ry, Ris Row, Rag, My und Mg die lon-
gitudinale (R;) bzw. transversale (Ry) Relaxationsrate und die Gleichgewichts-
magnetisierung (M) des Reservoirs W bzw. des Reservoirs S beschrieben. Mit
wo = YBy, w1 = vB; und Aw = w —wyp kénnen die Bloch-Gleichungen des 2-Pool-
Modells unter Beriicksichtigung des chemischen Austauschs aufgestellt werden

[53]:

djgltms = —AwsgMys — RogMys — ksw Mys + kwsMew
% = AwsMys+ wiM,s — RosMys — kswMys + kwsMyw

(6.14)
d]zi{fzs = —wiMys — Ris(M.s — Mos) — kswM.s + kwsM.w
dj\j:W = —AwwMyw — Row Maw + ksw Mas — kwsMaw
d]\j—:w = Aww My + w1 Mow — Row Myw + ksw Mys — kwsM,w
dj\ggw = —wiMyw — Baw (Maw — Mow) + kswM.s — kwsM.w

Dabei ist By die Hauptmagnetfeldstirke, By die durch HF-Einstrahlung erzeugte
Feldstérke, v das gyromagnetische Verhiltnis, kgy, die Austauschrate der Proto-
nen von Reservoir S nach Reservoir W und ky g die Austauschrate der Protonen
von Reservoir W nach Reservoir S. Die gekoppelten Differentialgleichungen 6.14
werden auch Bloch-McConnell Gleichungen genannt. Es gilt:

kws = f - ksw (6.15)

Der Parameter f ist die fraktionelle Konzentration der Losungsprotonen. Im
Gleichgewichtszustand gilt ferner [53]:

kWSMOW = kstgS (616)

Fiir CEST Experimente wird vorausgesetzt, dass die Protonen im Reservoir W
eine andere Resonanzfrequenz aufweisen als die Protonen im Reservoir S.

Aus den Gleichungen 6.14 lasst sich schlussfolgern, dass Reduktionen des Was-
sersignals zu erwarten sind, falls die HF-Anregung (1) mit der Resonanzfrequenz
der Wasserprotonen erfolgt oder (2) mit der Resonanzfrequenz der Protonen des
Reservoirs S iibereinstimmt.

Habilitationsschrift Dr. rer. nat. Anja Miiller-Lutz 23
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-

Normierte Signalintensitat S/S

Frequenzverschiebung Aw

Abbildung 6.2: Schematische Darstellung des Z-Spektrums am Beispiel der Band-
scheiben. Die Akquisition von Bildern bei verschiedenen Fre-
quenzverschiebungen Aw fiihrt zu einer sich verdindernden Signal-
intensitéit. Eigene Abbildung modifiziert nach [52].

Bei der CEST-Bildgebung wird nach jeder Prédparation der Magnetisierung
durch die Hochfrequenzeinstrahlung mit einer bestimmten Frequenzverschiebung
Aw ein Bild akquiriert. So entsteht eine Reihe von Bildern, deren Signalinten-
sitdt abhingig von der gewéhlten Frequenzverschiebung Aw ist. Die normierte
Signalintensitit aufgetragen gegen Aw wird als Z-Spektrum bezeichnet und ist
schematisch in Abbildung 6.2 dargestellt.

Im einfachsten Fall wird fiir die Praparation der Magnetisierung ein langer HF-
Puls verwendet (,continuous wave“ (CW) Hochfrequenzeinstrahlung). Diese Me-
thode ist bei klinischen MR-Systemen wegen Hardware-bedingten Einschrinkun-
gen sowie einer hohen spezifischen Absorptionsrate oft nicht anwendbar. An Stelle
der CW-Hochfrequenzeinstrahlung wird daher oft eine Folge von HF-Pulsen, wel-
che Gauss-Pulse oder Spin-Lock-Pulse (SL-Pulse) sein konnen, verwendet (siehe
Abbildung 6.3).

Um sowohl Magnetisierungstransfereffekte (MT-Effekte) rigider makromoleku-
larer Strukturen als auch Effekte der direkten Wassersittigung zu reduzieren,
wird bei der Analyse des CEST-Effekts eine Magnetisierungstranferasymmetrie-
analyse durchgefiihrt [54]. Dazu wird das Magnetisierungstransferasymmetriever-
héltnis MT R, in Abhéngigkeit von der Frequenzverschiebung Aw eingefiihrt.
Es gilt [55]:

S(—Aw) — S(Aw)
So
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Abbildung 6.3: Techniken fiir die Praparation der Magnetisierung a) Einstrah-
lung eines langen Hochfrequenzpulses (CW); b) Verwendung einer
Folge von Gauss-Pulsen zur Siattigung. Die Dauer der Gausspulse
wird mit ¢, bezeichnet, die Pause zwischen den Gauss-Pulsen mit
tq; ¢) Verwendung einer Folge von SL-Pulsen. Eigene Abbildung
modifiziert nach [52].

Hierbei sind S(—Aw) und S(Aw) die Signalintensitditen nach einer Hochfre-
quenzeinstrahlung zur Pridparation der Magnetisierung mit einer Frequenzver-
schiebung —Aw bzw. Aw und Sy ist die Signalintensitét, die ohne eine Pripara-
tion der Magnetisierung resultiert [55].

6.3 Quantitative CEST-Bildgebung

Eine quantitative Analyse des CEST-Effekts ist sowohl mit Kontrastmitteln, wel-
che austauschbare Protonen besitzen und die Bestimmung des pH-Werts ermogli-
chen, als auch ohne Kontrastmittel unter Ausnutzen des endogenen CEST-Effekts
moglich. Als CEST-sensitives Kontrastmittel wird in der vorliegenden Arbeit To-
pamidol verwendet, da dieses bereits als Kontrastmittel fiir CT-Untersuchungen
zugelassen ist und die Bestimmung des pH-Werts ermdglicht [56].

6.3.1 Quantitative CEST-Bildgebung mittels lopamidol

Das Kontrastmittel Topamidol zeigt CEST-Effekte bei unterschiedlichen Fre-
quenzverschiebungen [56]. Dadurch ist mit Topamidol eine CEST-Analyse mog-
lich, welche den pH-Wert unabhéngig von der Iopamidol-Konzentration bestim-
men kann |56].
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Bei der CEST-Analyse unter Verwendung von Iopamidol dient der ratiometri-
sche Sattigungstransfer RST der Bestimmung des pH-Werts. Dazu muss zunéchst
der Séttigungstransfer ST bestimmt werden [56]:

S(—Aw) — S(Aw)
S(—Aw)

ST(Aw)[%)] = - 100 (6.18)

RST lésst sich nun definieren iiber [56]:

(100 — ST(Aw,)) - ST(Aws)
BT = 00 = ST (Bws)) - ST (Ban)’ (6.19)

Bei Topamidol wird Aw; = 4,2 ppm und Aws = 5,4 ppm gewihlt. Hierbei steht
ppm fiir parts per million und 1 ppm entspricht bei einer Hauptmagnetfeldstér-
ke von 3 Tesla einer Frequenzverschiebung von 127,728 Hz. Die oben gewihl-
ten Frequenzverschiebungen stimmen mit den Resonanzen der austauschbaren
Amidprotonen von Topamidol iiberein [56]. Um nun den pH-Wert mittels Topa-
midol bestimmen zu koénnen, ist eine Kalibrierung erforderlich. Hierfiir konnen
beispielsweise CEST-Messungen von Phantomen mit bekanntem pH-Werten her-
angezogen werden. Wenn RST gegen den pH-Wert aufgetragen wird, lisst sich
eine Kalibrierungsfunktion fitten, welche den Zusammenhang zwischen RST und
pH-Wert beschreibt. Diese Kalibrierungen konnen fiir in-vivo Messungen zur pH-
Bestimmung verwendet werden.

6.3.2 Endogene quantitative CEST-Bildgebung

Bei der Untersuchung des CEST-Effekts ohne Kontrastmittel wird ausgenutzt,
dass viele im Korper vorhandene Metabolite Protonen besitzen, welche im che-
mischen Austausch mit Wasserprotonen stehen und so einen CEST-Effekt verur-
sachen.

Die Stérke des CEST-Effekts hingt von diversen Faktoren ab. Dazu gehoren
die Konzentration der Protonen im Reservoir S und die Austauschrate. Andere
Parameter, die ebenso den CEST-Effekt beeinflussen, sind die Form und Dauer
des HF-Moduls (siehe Abbildung 6.3), die Stirke der benutzten HF-Pulse und
die Hauptmagnetfeldstirke des MR-Systems.

Die Bildgebung mittels der CEST-Technik ermdglicht auch die quantitative
Analyse von Parametern wie beispielsweise die fraktionelle Konzentration sowie
die vom pH-Wert abhéngige Austauschrate bestimmter Stoffe |30, 57]. Fiir diese
Analyse wurden einige Methoden eingefiihrt, welche in Tabelle 6.1 kurz zusam-
mengefasst sind [31, 58 61].

Im Hinblick auf die klinische Relevanz beschrinkt sich die folgende Beschrei-
bung auf die Methoden, die in der Literatur fiir Sidttigungsmodule mit gepulster
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’ Methode ‘ Akquisition mit ‘ Modul ‘ Ergebnis ‘

QUEST mehreren t,,;, By = const. CW ksw
QUESP mehreren By, t,,; = const. CW ksw, fs
-Plot mehreren By, t,,; = const. CW ksw, fs
QUESTRA mehreren t,,;, B1 = const. CW kws
AREX By = const., ty = const. | CW, gepulst kws
AREX-basierter | mehreren By, ty; = const. gepulst ksw und fg
-Plot

Tabelle 6.1: Auflistung der bislang eingefiihrten quantitativen CEST-Methoden.
tsat bezeichnet die Séttigunszeit und B; die Feldstirke der Hoch-
frequenzeinstrahlung zur Priaparation der Magnetisierung. In der
Modul-Spalte ist festgehalten, ob die quantitativen CEST-Methoden
mittels gepulster HF-Einstrahlung oder ,Continuous wave* HF-
Einstrahlung (CW) erfolgt. In der Ergebnis-Spalte ist notiert, welche
Parameter aus der quantitativen Auswertung resultieren.

Vorsattigung vorgestellt wurden. Dazu gehdrt die quantitative Bestimmung der
CEST-Parameter mittels der AREX-Metrik sowie die auf der AREX-Metrik ba-
sierende 2-Plot Methode (vergleiche Tabelle 6.1).

AREX (,apparent exchange-dependent relaxation) beschreibt die vom chemi-
schen Austausch abhéngige Relaxation und ist definiert als [61]:

1 1
AREX = ( Saa) S Aw)) Riw = MTRppxRuw, (6.20)

wobei Ry die longitudinale Relaxationsrate von Wasser ist.

Im Falle der Einstrahlung mit einem einzigen langen Hochfrequenzpuls (CW-
Einstrahlung) gilt [61]:
RB(E
cos?(0) Ryw

Dabei ist R., die vom Austausch abhingige Relaxationsrate im rotierenden Ko-
ordinatensystem und 6 = tan~! (_A—f}) ist der Winkel zwischen effektivem Ma-
gnetfeld und dem Hauptmagnetfeld (siehe Abbildung 6.4). Falls Aw > w; ist,

kann cos?(f) =~ 1 angenommen werden und es gilt:

MTRppx = (6.21)

AREX =~ R, (6.22)

Mit R, = f - ksw folgt somit fiir den CW-Fall:

AREX
ksw = 7 (6.23)
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Abbildung 6.4: Lage des effektiven Magnetfeldes in Bezug auf das Hauptmagnet-
feld. Eigene Abbildung modifiziert nach |63]

Im Falle gepulster Sittigung modifiziert sich Gleichung 6.21 unter Beriicksichti-
gung des ,Duty Cycles* DC =t,/(t, + tq) zu [31]
R.. - DC

1w

Daher resultiert fiir die gepulste CEST-Bildgebung [62]:

AREX

ksw = ——— 6.25

v =B (6.25)

Zusammenfassend ldsst sich sagen, dass die AREX-Metrik unabhéngig von der

T1-Zeit ist und die Austauschrate bei bekannter fraktioneller Konzentration f
bestimmt werden kann.

Die auf der AREX-Metrik basierende 2-Plot Methode ermdglicht eine simul-
tane Bestimmung der fraktionellen Konzentration und der Austauschrate. Dafiir
muss AREX bei unterschiedlichen Bj-Feldstérken gemessen werden. Ziwschen
AREX ™! und w2 besteht nach [31, 62] eine lineare Abhiingigkeit der Form

1 1\ 1 o6
AREX \o2 ) ~Potpi 5 (6.26)

Die fraktionelle Konzentration f und die Austauschrate kgy konnen unter Be-
nutzung des y-Achsenabschnitts pg, der Steigung p; und der Formfaktoren ¢; und
o berechnet werden [62]:

1
o D0 (B + O+ )

2
pocy

f= (6.27)
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Rys (st)2 P
k = — . 6.28

6.4 Technische Limitationen der
CEST-Bildgebung

Zu den technischen Limitationen der CEST-Bildgebung gehoren die Anfilligkeit
auf Bewegung, der grofse Einfluss von By- und B;-Feldinhomogenitidten auf den
CEST-Effekt sowie Verdnderungen der Form des Z-Spektrums durch den Ma-
gnetisierungstransfereffekt (MT-Effekt), den ,Nuclear Overhauser Effect (NOE)“
und den Effekt der direkten Wassersittigung. Dabei beschreibt der M'T-Effekt den
Austausch der Spinpolarisation von an Makromolekiilen gebundenen Wasserpro-
tonen oder Protonen geordneter Strukturen mit Protonen des nicht gebundenen
Wassers |64, 65]. Um diesen Effekt zu reduzieren, wurde durch Lee et al. bereits
eine Sequenz entwickelt, welche die Trennung des CEST-Effekts vom MT-Effekt
ermoglicht [65]. Der NOE wird in der MR-Spektroskopie zur Strukturanalyse ein-
gesetzt und beschreibt die Ubertragung der Kernspin-Polarisation mittels dipola-
rer Kopplung [66]. Dieser Ubertrag ist vom Abstand der interagierenden Protonen
abhingig. Der NOE kann durch geeignete Fit-Funktionen analysiert werden, so
dass der CEST-Effekt getrennt vom NOE evaluiert werden kann |67].

Um den Einfluss von Bewegung zu minimieren, kann eine geeignete Stabilisie-
rung z.B. bei der Datenakquisition in den Extremitdten oder im Kopf erfolgen. Bei
bewegten Organen kann auch eine von der Atmung gesteuerte Sequenz verwendet
werden [68]. Aukerdem kann nach der CEST-Bildgebung eine Bildregistrierung
erfolgen [69].

Um den Einfluss von By-Feldinhomogenititen zu reduzieren, miissen diese
schon vor der Messung durch Feinjustage des Magnetfeldes mit speziellen Spu-
len reduziert werden. Dieser Vorgang wird als ,Shimming* bezeichnet. Es ist
jedoch nicht moglich, die Feldinhomogenitéiten vor der Messung vollstindig zu
eliminieren. Daher ist in der Nachverarbeitung eine Korrektur des Einflusses der
Feldinhomogenitidten auf das Z-Spektrum notwendig. Zur Detektion der nach
dem Shimming noch vorhandenen Feldinhomogenititen kann eine modifizierte
CEST-Sequenz genutzt werden. Die Abtastung des Z-Spektrums fiir die By-
Feldinhomogenititskorrektur erfolgt dabei in einem engen Fenster um die Was-
serresonanzfrequenz herum. Das so akquirierte Z-Spektrum wird als ,Water sa-
turation shift referencing“ (WASSR)-Spektrum bezeichnet [55]. Aus der Position
des Minimums des WASSR-Spektrums kann die Verschiebung der Resonanzfre-
quenz festgestellt werden [70]. Weitere Methoden, das WASSR-Spektrum auszu-
werten, sind der von Kim et al. eingefiihrte ,maximum symmetry center frequen-
cy* (MSCF)-Algorithmus [55] sowie ein Fit der WASSR-Daten mit den Bloch-
Gleichungen [70]. Die mit diesen Methoden bestimmten Frequenzverschiebungen
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werden dazu benutzt, die Position des Z-Spektrum entlang der Frequenzachse zu
korrigieren. Eine alternative Methode, welche es ermdoglicht, sowohl By als auch
Bi-Feldinhomogenititen zu korrigieren, ,WASABI “, wurde von Schuenke et al.
eingefithrt [71]. WASABI steht dabei fiir ;mapping of water frequency shift and
By amplitude”, also fiir eine Methode, die sowohl eine Kartierung der Verschie-
bung der Resonanzfrequenz des Wassers als auch eine Kartierung des Bj-Feldes
ermdglicht [71].

Die WASABI-Sequenz besteht aus einem kurzen Séttigungsmodul (Dauer ca. 5
ms, By-Feldstirke ca. 3,7 uT'), einem anschliefenden Spoilergradienten sowie einer
konventionellen MR-Datenakquisition [71]. Durch die Abtastung mehrerer Fre-
quenzoffsets um die Wasserresonanz herum entsteht das WASABI Z-Spektrum.
Wiéhrend die Verschiebung der Resonanzfrequenz des Wassers iiber die Verschie-
bung der Symmetrieachse des WASABI Z-Spektrums bestimmt werden kann,
beeinflusst die B;-Amplitude die Periodizitét des Spektrums [71].

Der Einfluss der direkten Wassersittigung auf den CEST-Effekt kann, wie in
Abschnitt 6.2 beschrieben, durch die Berechnung des Parameters MT R, eli-
miniert werden.

6.5 WEX-Spektroskopie

Water-Exchange (WEX)-Spektroskopie basiert - wie CEST - auf dem chemi-
schen Austausch von Protonen und liefert folglich Informationen iiber Metabo-
lite und Proteine mit an Austauschprozessen beteiligten Protonen. Anders als
CEST handelt es sich hierbei aber nicht um eine bildgebende Methode. Die WEX-
Spektroskopie ist eine alternative Methode zur Charakterisierung des chemischen
Austauschprozesses.

Im Folgenden wird kurz das Prinzip der WEX-Spektroskopie dargestellt. Zu-
néchst erfolgt eine selektive Praparation (Labeling) des Wassersignals [53]. An-
schliekend erfolgt wihrend der Mischungszeit t,; eine Ubertragung der priparier-
ten Wassermagnetisierung auf Protonen anderer Metabolite oder Proteine. Nach
der Zeit t); erfolgt erneut eine Anregung des Spinsystems, wobei die Wasser-
magnetisierung unterdriickt wird [53]|. Die gemessene WEX-Signalintensitét ist
folglich abhéngig von der Mischungszeit ¢;; und der chemischen Austauschrate

[53].

6.6 Bandscheiben und oberes Sprunggelenk

Da Studien in den Bandscheiben und im Sprunggelenk durchgefiihrt wurden, wird
die Anatomie dieser Regionen im Folgenden kurz beschrieben.

Die Disci Intervebrales (IVDs = | Intervertebral discs“), auch Zwischenwirbel-
scheiben oder Bandscheiben genannt, verbinden die Wirbelkérper miteinander
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|72|. Die IVDs bestehen aus zwei Teilen, dem kollagenfasrigen Annulus Fibro-
sus (AF) und dem vorwiegend aus Proteoglykanen (PGs) bestehenden Nucleus
Pulposus, welcher auch als Gallertkern bezeichnet wird [72]. Eine sehr diinne
hyalinknorpelige Schicht, die Symphysis Intervebralis, verbindet die Bandschei-
ben mit der Grund- und Deckplatte der benachbarten Wirbelkorper [72]. Die
Bandscheiben dienen dem Abmildern von Stéfen. Der Nucleus Pulposus hat die
Funktion, den Druck auf die benachbarten Wirbelkorper zu verteilen. Der AF
wandelt einen Teil der Druckkrifte in Zugspannungen um |[72].

Das obere Sprunggelenk (OSG), auch Articulatio talocruralis genannt, ermog-
licht eine Plantarflexion und Dorsalextension [72]. Es spielt eine wichtige Rolle
beim Abrollen des Fukes, zum Beispiel beim Gehen [72]. Das OSG verbindet den
Talus mit den Unterschenkelknochen.

6.7 gagCEST

Die Glykosaminoglykane (GAG) sind ein Bestandteil des Knorpels und kommen
somit sowohl in den Bandscheiben als auch im OSG vor. Sie sind lineare Polysac-
charide, welche aus sich wiederholenden Disaccharideinheiten zusammengesetzt
sind [73|. Jede Disaccharideinheit besitzt drei -OH und eine -NH-Gruppe, welche
austauschbare Protonen besitzen [9]. GAG bilden die Seitenketten des komple-
xen Molekiils PG [74]. Durch die austauschbaren Protonen der GAG kénnen diese
mittels der endogenen CEST-Bildgebung dargestellt werden. Dies wird auch als
gagCEST-Bildgebung bezeichnet.

Als Folge von Degeneration verringert sich der Gehalt von Wasser und PG
|75]. Dadurch reduziert sich die GAG-Konzentration. Neben der Degeneration ist
auch eine Verminderung der GAG-Konzentration ein bekannter Faktor bei Pati-
enten mit rheumatoider Arthritis [76, 77]. Die molekulare gagCEST-Bildgebung
ist daher besonders bei der friihen Erkennung von Verédnderungen des Knorpels,
welche mit einer anatomischen Darstellung des Gelenks noch nicht diagnostiziert
werden konnen, relevant |78, 79|.
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7 Umtfassende Ausfiihrung der
Untersuchungen und
Ergebnisse

Die molekulare Bildgebung mittels CEST ermoglicht es, exogene und endogene
Stoffe, welche austauschbare Protonen besitzen, darzustellen, wodurch bioche-
mische Informationen mittels der MRT erhalten werden kénnen [6].

Die vorliegende kumulative Habilitationsschrift behandelt physiologische,
technische und methodische Aspekte im Bereich der Bildgebung mittels CEST.

Zu den physiologischen Aspekten, die in dieser Arbeit untersucht wurden, ge-
horen Abhéngigkeiten des CEST-Effekts im Knorpel von Alter, Geschlecht, BMI
und den T)-Relaxationszeiten (siche Publikationen I und II)[80, 81]. Letztere
sind sensitiv auf Knorpeldegeneration, wodurch eine Abhéngigigkeit zwischen
der T,-Relaxationszeit und dem gagCEST Effekt erwartet werden kann. So wur-
de beispielsweise in dieser Arbeit zugrundeliegenden Studien gezeigt, dass der
CEST-Effekt bei degenerativen Verdnderungen des Knorpels sowie bei Knorpel-
ldsionen abnimmt (siehe Publikationen I, III und 1V)[80, 82, 83]. Ferner besteht
auch eine mathematisch beschriebene Abhéngigkeit des CEST-Effekts von der T5-
Relaxationszeit, welche auch als T,-Shine-Through-Effekt bezeichnet wird [81].

Die Abhéngigkeit des CEST-Effekts von physiologischen Aspekten lisst sich
wie folgt zusammenfassen:

e Der CEST-Effekt im Knorpel nimmt mit fortschreitendem Alter ab. Dabei
gibt es einen signifikanten Unterschied des CEST-Effekts zwischen Proban-
den im Alter von 20-29 Jahren und Probanden im Alter von 50-59 Jahren.
Die Abnahme des CEST-Effekts konnte durch eine Reduzierung des GAG-
Gehalts withrend des Alterungsprozesses hervorgerufen werden. (Siehe Pu-
blikation I [80])

e Der CEST-Effekt im Nucleus Pulposus der Bandscheiben ist in weiblichen
Probanden signifikant hoher als in ménnlichen Probanden. (Siehe Publika-
tion II [81])

e Der BMI und der CEST-Effekt im Nucleus Pulposus weisen eine negative
Korrelation auf. (Siehe Publikation II |81])
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e Die Korrelation zwischen dem CEST-Effekt und dem 7T5-Wert ist hoch si-
gnifikant. (Siehe Publikationen IT und VIII [81, 84])

e Der Knorpel von Patienten mit osteochondralen Lésionen im Bereich des
OSGs hat einen signifikant niedrigeren CEST-Effekt als der Knorpel im
OSG von gesunden Probanden. (Siehe Publikation IV [83])

e In lumbaren und zervikalen Bandscheiben ist der CEST-Effekt bei degene-
rativen Verdnderungen niedriger als der CEST-Effekt ohne solche Veridnde-
rungen. (Siehe Publikationen I und IIT [80, 82|)

Der CEST-Effekt im Knorpel ist somit stark abhingig von physiologischen
Parametern (siche Publikationen I-IV und VIII |[80-84]). Neben diesen Abhén-
gigkeiten wird der CEST-Effekt auch durch Effekte wie beispielsweise Bjy- und
Bi-Feldinhomogenititen, Bewegung, aber auch den verwendeten Sequenzparame-
tern beeinflusst (siche Publikationen IV-VIII) [70, 83 86]. Daher wurden in dieser
Arbeit technische Untersuchungen durchgefiihrt, deren Ergebnisse wie folgt zu-
sammengefasst werden konnen:

e Die Bloch-McConnell-Gleichungen ermdoglichen eine Optimierung der
CEST-Sequenz und somit, den gemessenen CEST-Effekt in vivo zu ma-
ximieren. (Siehe Publikation IV [83])

e Die Qualitdt der CEST-Bildgebung kann durch Bewegungskorrektur verbes-
sert werden und dufsert sich in einem verbesserten SNR.(Siehe Publikation
V 185])

e Eine geeignete Kombination aus Dauer und B;-Feldstéirke des verwendeten
Sattigungspulses ist bei der Aufnahme einer WASSR-Sequenz fiir die By-
Feldinhomogenitéatskorrektur notwendig. Dadurch wird ermdglicht, dass im
WASSR-Spektrum nur ein Peak entsteht. Dies erleichtert die Kartierung
der By-Feldinhomogenititen. Zusitzlich konnen erweiterte Nachverarbei-
tungsalgorithmen wie ein Fit mit den Bloch-Gleichungen und der periodi-
sche MSCF-Algorithmus zu einer verbesserten Bestimmung der vorhande-
nen By-Feldinhomogenititen benutzt werden. (Siehe Publikation VI [70])

e Sowohl eine Folge von Spin-Lock Pulsen als auch eine Folge von Gauss-
formigen Pulsen kann zur Sattigung der Magnetisierung bei der CEST-
Bildgebung angewendet werden (Siehe Publikation VTIT [84])

e Die Korrektur von sowohl By- als auch Bj-Feldinhomogenitéten fiihrt zu ei-
nem erhohten Signal-Rausch-Verhéltnis und zu einer gesteigerten Korrelati-
on zwischen gagCEST-Effekt und den T5-Werten. Daher ist eine Korrektur
beider Arten von Feldinhomogenitéten empfehlenswert. (Siehe Publikation
VII [86])
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Aus methodischer Sicht wurde die CEST-Bildgebung dahingehend untersucht,
ob eine quantitative Analyse der Material- oder Gewebezusammensetzung mog-
lich ist.

Zundchst wurde eine explorative Studie mit dem Kontrastmittel Iopamidol
durchgefiihrt. Dabei wurde nach einer in vitro Untersuchung des CEST-Effekts
mittels lopamidol auch erstmalig eine CEST-Untersuchung in vivo im Menschen
mit diesem Kontrastmittel durchgefiihrt (siche Publikation IX [87]). Es wurden
folgende Ergebnisse erzielt:

e In einem pH-Bereich von 5,6 bis 7 ist eine Bestimmung des pH-Wertes mit
Topamidol moglich. Dabei ist der bestimmte pH-Wert unabhéngig von der
verwendeten Topamidol-Konzentration. (Siehe Publikation IX [87])

e Es konnte erstmalig in vivo der pH-Wert in der menschlichen Blase mittels
der CEST-MRT bestimmt werden. (Siehe Publikation IX [87])

Es konnen aber auch quantitative biochemische Informationen ohne Ver-
wendung eines Kontrastmittels gewonnen werden. Als Beispiel wurde zunichst
anhand von Kreatin untersucht, ob die chemische Austauschrate zwischen
austauschbaren Kreatin-Protonen und Wasserprotonen bestimmt werden kann
und von welchen CEST-Sequenzparametern die Moglichkeit der quantitativen
Kreatin-Bildgebung abhéngt (siehe Publikation X [62]). Des Weiteren wurde un-
tersucht, ob es moglich ist, die Kreatinkonzentration mittels CEST-MRT zu be-
stimmen (siehe Publikation X [62]). Bei dieser Studie konnten folgende Erkennt-
nisse gewonnen werden:

e Quantitative CEST-Bildgebung von Kreatin an einem klinischen 3 Tesla
Gerit ist moglich. (Siehe Publikation X [62])

e Die Verwendung eines Sattigungs-Pulszuges aus Spin-Lock-Pulsen ermog-
licht es, einen grofseren Bereich der Austauschrate korrekt abzutasten als
bei Messungen mit einem Pulszug aus Gauss-Pulsen. (Siehe Publikation X

62])

e Sowohl Simulationen als auch Phantomexperimente zeigen, dass kleine Aus-
tauschraten sowohl mit der AREX-Methode als auch mit der {2-Plot Metho-
de tendenziell {iberschitzt werden, wohingegen bei hohen Austauschraten
eine Unterschéitzung dieser Raten erfolgt. (Siche Publikation X [62])

Neben Kreatin wurde in dieser Arbeit Harnstoff mittels der quantitativen
CEST-Bildgebung untersucht. Harnstoff zeigt einen CEST-Effekt bei einem Fre-
quenzoffset von Aw = 1 ppm und trigt wesentlich zum CEST-Effekt in der Niere
bei [88|.
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Daher wurde Harnstoff hinsichtlich seiner Eignung fiir die quantitative CEST-
Bildgebung untersucht (siehe Publikation XI [89]). Dafiir wurden die CEST-
Ergebnisse mit denen der WEX-Spektroskopie verglichen. Aufterdem wurde die
Spezifizitat des Harnstoff-CEST-Effekts analysiert, indem auch andere Substan-
zen, die einen CEST-Effekt in der Niere erzeugen kénnten, mittels einer CEST-

Analyse untersucht wurden. Die folgenden Ergebnisse resultieren aus dieser Stu-
die:

e Mittels der quantitativen CEST-Analyse konnte ermittelt werden, dass
Harnstoff vier labile Protonen besitzt, die am chemischen Austausch mit
Wasserprotonen beteiligt sind. (Siehe Publikation XI [89])

e In einem pH-Bereich von pH = 5.66 bis pH = 6.20 und von pH = 7.37
bis pH = 8.41 konnte in dieser Studie die Austauschrate mittels CEST
bestimmt werden. Demnach war es in einem grofen Bereich physiologischer

pH-Werte nicht moglich, die Austauschrate von Harnstoff zu bestimmen.
(Siehe Publikation XT [89])

e Der quantitative CEST-Parameter AREX ist direkt proportional zur
Harnstoff-Konzentration. (Siehe Publikation XI [89])

e Mit Hilfe der WEX-Spektroskopie wurde gezeigt, dass der chemische Aus-
tausch zwischen Harnstoff- und Wasserprotonen sowohl Séure- als auch
Basen-katalysiert ist. Das dadurch resultierende bi-exponentielle Verhalten
der Austauschrate spiegelt sich auch in den Ergebnissen der Austauschra-
te der quantitativen CEST-Bildgebung von Harnstoff wieder. Deshalb ist
es mit Hilfe der CEST-Bildgebung aber auch nicht méglich, den pH-Wert
eindeutig zu bestimmen. (Siehe Publikation XI [89])

e Fiir die in der Niere vorkommenden Metabolite Kreatinin, Kreatin,
Glutamin, Alanin und Allantoin war es mdglich, einen CEST-Effekt bei
3 Tesla zu messen. (Siehe Publikation XI [89])

e Die mittels der quantitativen CEST-Bildgebung bestimmte Austauschrate
der gemischten Losung aus Harnstoff, Kreatinin und Kreatin bei Konzen-
trationen, welche dem Vorkommen dieser Metaboliten im Urin entsprechen,
stimmt mit der Austauschrate der Harnstofflosung iiberein. (Siehe Publika-
tion XI [89])

e Die aus der CEST-Bildgebung resultierenden Z-Spektren und MT R,gym-
Spektren von der gemischten Losung und der Urinprobe liegen nahe beiein-
ander und zeigen einen dominanten CEST-Effekt bei ca. 1 ppm. Der Effekt
bei dieser Resonanzfrequenz kann daher den Amidprotonen von Harnstoff
zugeordnet werden. (Siehe Publikation XI [89])
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Die in dieser Arbeit erzielten Ergebnisse zur quantitativen Bildgebung mittels
CEST lassen sich wie folgt kurz zusammenfassen:

Mit dem Kontrastmittel lopamidol ist eine Bestimmung des pH-Wertes in ei-
nem physiologischen pH-Bereich moglich ist (siehe Publikation IX [87]). Mit der
endogenen quantitativen CEST-Bildgebung scheint die korrekte Bestimmung des
pH-Werts im physiologischen Bereich zunéchst schwieriger zu sein (siehe Publika-
tionen X und XI [62, 89]). Weitere Forschungsarbeiten sind daher notwendig, um
auch mit der endogenen quantitative CEST-Bildgebung den pH-Wert eindeutig
abschitzen zu konnen und somit diese Methode einen weiteren Schritt ndher in
Richtung klinischer Anwendbarkeit zu bringen.
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8 Diskussion

Die molekulare Bildgebung mittels CEST bietet das Potenzial, die Diagnostik ei-
ner Vielzahl von Erkrankungen, wie beispielsweise Knorpeldegenerationen, Fehl-
funktionen der Niere, Verdnderungen der metabolischen Aktivitit des Herzens,
Ischdmie und Krebs, zu verbessern [29, 90]. Neben den diagnostischen Moglichkei-
ten wird durch den Einsatz dieser Methode auch ein besseres Verstindnis der mo-
lekularen Prozesse im Gewebe und der Verdnderungen dieser Prozesse bei alters-
oder krankheitshbedingten Prozessen erwartet. Eine Ergénzung der Standard-MR-
Untersuchung mit der CEST Technik bietet die Moglichkeit, molekulare Informa-
tionen darzustellen und diese mit anderen anatomischen Messungen in Bezug 7zu
setzen.

Durch die Studienergebnisse konnte eine Abhéngigkeit des CEST-Effekts im
Knorpel vom Alter, vom Geschlecht und vom BMI beschrieben werden. Weitere
Studien konnten untersuchen, ob sich der CEST-Effekt auch in anderen Geweben
bei gesunden Probanden in Abhéngigkeit physiologischer Parameter verdndert.

Ferner zeigten Studien der vorliegenden Habilitationsschrift eine Korrelation
zwischen dem CEST-Effekt im Knorpel und der Ty-Zeit [81, 84|. Eine solche
Abhéngigkeit wurde auch in einer Studie von Peterson et al. beschrieben |91].
Die Stirke des Einflusses der T)-Zeit auf den CEST-Effekt wird sowohl durch
Messparameter der CEST-Bildgebung als auch durch die verwendete Magnet-
feldstiarke By des MR-Gerétes beeinflusst [91]. Zukiinftig konnten Moglichkeiten
zur Reduzierung oder Korrektur des 75-Bias an klinischen MR-Systemen néher
analysiert werden. Neben dem T),-Bias wird in der Literatur auch der Einfluss der
T1-Zeit auf den CEST-Effekt diskutiert |61, 92|. Daher konnten weitere Studien
zur Quantifizierung dieses Einflusses auf den CEST-Effekt im Knorpel sinnvoll
sein.

Eine Studie der vorliegenden Arbeit [83] zeigte die Abnahme des CEST-Effekts
im Knorpel bei osteochondralen Lisionen und bei degenerativen Prozessen im
Vergleich zum CEST-Effekt in gesundem Knorpel. Ein reduzierter CEST-Effekt
bei geschiadigtem oder degenerativem Knorpel wurde auch in anderen Studien
gezeigt [93-95]. In Zukunft konnte das Potential der CEST-Technik fiir die Dif-
ferenzierung zwischen rheumatoider Arthritis und Arthrose untersucht werden.

Ein weiterer klinischer Aspekt, der zukiinftig neben der biochemischen Be-
urteilung des Knorpels ausfiihrlich betrachtet werden konnte, ist beispielsweise
die Untersuchung des Nierenmetabolismus bei diversen Nierenerkrankungen im
Menschen. Schwierigkeiten bereiten dabei die grofen Feldinhomogenitéiten im Ab-
domen sowie die Bewegung der Niere durch die Atmung. Nichtsdestotrotz sind
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bereits vielversprechende Tierexperimente in der Niere mittels der CEST-Technik
erfolgt |10, 28, 96, 97|, bei denen aber meistens eine hohere By-Feldstédrke ver-
wendet oder ein Kontrastmittel eingesetzt wurde.

Die Qualitit der CEST-Bildgebung ist stark von technischen Details abhingig.
So konnen Feldinhomogenitidten und Bewegung die Resultate verfilschen. Wah-
rend By-Feldinhomogenitéten zu einer Verschiebung des Z-Spektrums fiithren, du-
flern sich Bj-Feldinhomogenititen in einer lokal variierenden Veridnderung der
Stiarke des CEST-Effekts. Eine Korrektur der Feldinhomogenitéten ist mit unter-
schiedlichen Methoden moglich, von denen folgende fiir die CEST-Bildgebung der
Bandscheiben in den der Arbeit zugrunde liegenden Forschungsuntersuchungen
getestet wurden: Die Verwendung des Minimums des WASSR Z-Spektrums [70],
die von Kim et al. eingefiihrte Bestimmung des Intensitdtsminimums des WASSR
Z-Spektrums mit Hilfe des MSCF- (,maximum symmetry center frequency“)
Algorithmus [55|, die Erweiterung der Technik durch den periodischen MSCF-
Algorithmus [70], die Korrektur mit Hilfe eines Fits mit den Bloch-Gleichungen
[70] sowie die Korrektur mit Hilfe der WASABI-Technik [71, 86]. Die Korrek-
tur von Feldinhomogenitéiten ist auch in stark inhomogenen Regionen wie den
Bandscheiben moglich |86]. Zukiinftig konnte analysiert werden, ob sich die an-
gewendeten Methoden auch fiir die Feldinhomogenitéitskorrektur bei Organen wie
etwa der Niere oder der Leber eignen, bei denen Anderungen der Magnetfeldinho-
mogenititen in Folge von peristaltischer Bewegung auftreten konnten. Alternativ
konnten in diesen Regionen auch dynamische Ansétze zur Feldinhomogenitéits-
korrektur zum Einsatz kommen, wie zum Beispiel die Verwendung der Phase des
MR-Signals wihrend des Auslesens der dynamischen CEST-Bilder [98].

Bei der CEST-Bildgebung fiithrt Bewegung wihrend Datenakquisition dazu,
dass das Z-Spektrum eines Pixels das Signal unterschiedlicher Regionen beinhal-
tet. In der vorliegenden Arbeit wurde die Bewegung nach der Akquisition der
CEST-Daten korrigiert [85]. Alternativ konnte aber auch eine prospektive Kor-
rektur mit Hilfe von Navigatoren erfolgen, welche Bewegungen durch Translation
oder Rotation detektieren, indem ein kleiner Teil des k-Raums akquiriert wird
[51, 99, 100]. Die Vor- und Nachteile beider Techniken fiir die CEST-Bildgebung
konnten in zukiinftigen Forschungsarbeiten evaluiert werden.

Der CEST-Effekt hingt sehr stark von der Anzahl und der Bi-Feldstirke der
verwendeten Hochfrequenzpulse zur Séttigung der Magnetisierung ab [83]. Da-
her ist es sinnvoll, vor Beginn einer CEST-Studie Bloch-McConnell Simulationen
zur Optimierung dieser Hochfrequenzeinstrahlung fiir die gewéhlte Anwendung
durchzufiihren.

Ein weiteres Ziel in der CEST-Bildgebung besteht darin, eine quantitative Ana-
lyse des chemischen Austausches zu ermoglichen. Als quantitative Messgrofen
eignen sich der pH-Wert des Gewebes, die chemische Austauschrate sowie die
Konzentration bestimmter Stoffe. Mit Hilfe des Kontrastmittels Topamidol kann
der pH-Wert in vivo bestimmt werden |87|. Als alternatives Kontrastmittel zur
pH-Bildgebung eignet sich Iopromide, welches unter anderem zur Abschétzung
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des pH-Wertes von Tumoren in einem Bereich von pH = 6.5 bis pH = 7.2 ein-
gesetzt wurde [101|. Neben diesen lod-haltigen Kontrastmitteln konnen ebenfalls
paramagnetische Kontrastmittel fiir die Bildgebung des pH-Wertes zum Einsatz
kommen [102]. Auch endogene Stoffe mit austauschbaren Protonen eignen sich in
Kombination mit einer geeigneten Nachverarbeitungs-Pipeline zur Abschitzung
des pH-Wertes, wie am Beispiel von Kreatin von Sun et al. gezeigt worden ist
[103].

Die chemische Austauschrate verindert sich in Abhéngigkeit vom pH-Wert.
Auch sie kann als quantitatives Maf der CEST-Bildgebung herangezogen wer-
den. Studien dieser Arbeit behandeln die quantitative CEST-Bildgebung aus-
fiihrlich fiir die Stoffe Kreatin und Harnstoff und zeigen, dass der Bereich, in dem
die Austauschrate korrekt bestimmt werden kann, von der verwendeten Hoch-
frequenzeinstrahlung zur Sattigung der Magnetisierung abhéngt [62, 89|. Mittels
Simulationen besteht die Moglichkeit, die Form dieser Hochfrequenzeinstrahlung
fiir die gewiinschte Anwendung zu optimieren. In weiteren Studien kénnte ferner
getestet werden, ob die Austauschrate adidquat mit Hilfe der Bloch-McConnell
Gleichungen evaluiert werden kann.

Neben der Abschitzung des pH-Wertes und der chemischen Austauschrate wird
in dieser Arbeit auch die Moglichkeit untersucht, die Stoffkonzentration mittels
der quantitativen CEST-Bildgebung zu bestimmen. So besteht eine Proportio-
nalitit zwischen dem quantitativen CEST-Parameter AREX und der Harnstoff-
Konzentration [89]. Ob die Konzentrationsbestimmung auch fiir die GAG im
Knorpel in vivo im Menschen mittels quantitativer CEST-Bildgebung mdglich
ist, ist zum aktuellen Zeitpunkt noch Gegenstand der Forschung.

Aus den Resultaten dieser Arbeit ldsst sich folgern, dass der CEST-Effekt
von diversen Faktoren beeinflusst werden kann. Zu diesen Faktoren gehoren
physiologische Parameter, aber auch Artefakte in Folge technischer Limita-
tionen. Daher sind auf die Anwendung hin optimierte CEST-Sequenzen und
geeignete Korrekturen in der Datenverarbeitung wie beispielsweise die By-
und Bj-Feldinhomogenitétskorrektur entscheidend fiir die Qualitit der CEST-
Bildgebung. Mittels einer quantitativen Analyse des CEST-Effekts sind Riick-
schliisse iiber den pH-Wert oder die Konzentration von Lésungsprotonen einer
chemischen Verbindung moglich. Dies konnte in Zukunft die Diagnostik in vielen
Bereichen der Medizin verbessern.
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O Fazit

Der Forschungsschwerpunkt dieser Habilitationsschrift ist die molekulare Bildge-
bung mittels der Magnetresonanztomographie. Dazu wurde der chemische Aus-
tausch mit der Methode CEST eingehend untersucht.

Die durchgefiihrten Studien liefern relevante neue Erkenntnisse im Bereich der
biomedizinischen Bildgebung. Es konnte gezeigt werden, dass CEST sensitiv auf
molekulare Gewebeverinderungen ist, welche beispielsweise durch Alterungspro-
zesse oder durch Pathologien hervorgerufen werden konnen. Technische Verbes-
serungen der CEST-Methode fiihrten zu einer Reduktion von Artefakten in der
CEST-Bildgebung.

Zudem wurde gezeigt, dass eine quantitative CEST-Bildgebung bei einer Feld-
starke von 3 Tesla moglich ist. So konnte beispielsweise der pH-Wert in vivo im
Patienten mit dem Kontrastmittel lopamidol gemessen werden. Die Studiener-
gebnisse lassen aber auch deutlich das Potenzial der CEST-Bildgebung erkennen,
an klinisch eingesetzten MRT-Gerédten ohne den Einsatz von Kontrastmitteln
quantitative Informationen beispielsweise iiber die chemische Austauschrate und
die Stoffkonzentration zu gewinnen.
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10 Abkurzungen

AF
AREX
By

By

BMI
CEST
CW

CT

DC
dGEMRIC
GAG
gagCEST
GRE

HF
HF-Puls
IVD
MSCF
MR

MRS
MRT

MT
MTRabym
NOE

NP

PET

PG

SE

SL

ST

RST

T1

T2

Tk

Tr
WASABI
WASSR
WEX

Annulus Fibrosus

apparent exchange-dependent relaxation
Hauptmagnetfeldstirke des MRT-Systems
Radiofrequenz-Feldstirke

Body Mass Index

Chemical Exchange Saturation Transfer
Continuous Wave

Computertomographie

Duty Cycle

delayed Gadolinium-enhanced MRI of the cartilage
Glykosaminoglykane

CEST-Effekt der Glykosaminoglykane
Gradientenecho

Hochfrequenz

Hochfrequenzpuls

Intervertebral Disc

maximum-symmetry center frequency
Magnetresonanz
Magnetresonanzspektroskopie
Magnetresonanztomographie
Magnetisierungstranfer
Magnetisierungstransfer-Asymmetrieverhéltnis
Nuclear Overhauser Effect

Nucleus Pulposus
Positronen-Emissions-Tomographie
Proteoglykan

Spinecho

Spin-Lock

Sattigungstransfer

Ratiometrischer Sattigungstransfer
Longitudinale Relaxationszeit
Transversale Relaxationszeit

Echo Time

Repetition Time

Simultaneous mapping of water shift and B1
Water Saturation Shift Referencing
Water Exchange
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ORIGINAL RESEARCH

Age-Dependency of Glycosaminoglycan
Content in Lumbar Discs: A 3T
gagCEST Study

Anja Mller-Lutz, PhD,’ Christoph Schleich, MD,"* Gael Pentang, MSc,’
Benjamin Schmitt, PhD,? Rotem S. Lanzman, MD," Felix Matuschke, BSc,’
Hans-Jorg Wittsack, PhD,! and Falk Miese, MD'

Purpose: To analyze age-dependency of glycosaminoglycan content using gagCEST (glycosaminoglycan chemical
exchange saturation transfer) imaging in lumbar intervertebral discs of healthy volunteers.

Materials and Methods: In all, 70 volunteers without low back pain (mean age 44 * 14 years, range: 21-69 years) were
examined with T,-weighted and gagCEST imaging with a 3T MR scanner, with approval of the local Ethics Committee
after written informed consent was obtained. Pfirrmann grading and classification into discs without bulging and hernia-
tion, discs with bulging, and discs with herniation were performed. Only intervertebral discs without bulging and hernia-
tion were analyzed. A region-of-interest-based gagCEST analysis of nucleus pulposus (NP) and annulus fibrosus (AF) was
performed. Correlation between age and gagCEST was tested within groups of equal Pfirrmann score.

Results: GagCEST effects decreased significantly from 3.09 = 1.12% in 20-29 years old volunteers to —0.24 + 1.36% in
50-59 years old volunteers (P<0.001). In the case of Pfirrmann scores 2 and 3, a significant correlation was observed
between gagCEST effect and age (Pfirrmann score 2, NP: p =-0.558, P<0.001; Pfirrmann score 3, NP: p=-0.337,
P =0.048). For Pfirrmann scores 1 and 4, no significant correlation was obtained (Pfirrmann score 1, NP: p =-0.046,
P = 0.824; Pfirrmann score 4, NP: p =-0.316, P=0.188).

Conclusion: We show a decreased gagCEST effect likely corresponding to decreasing glycosaminoglycans with aging.

Hence, age-matched analysis of gagCEST imaging may be necessary in future studies.

agnetic resonance imaging (MRI) is a well-established

method for imaging of intervertebral disc pathologies."
With gagCEST, a noninvasive assessment of glycosaminogly-
cans (GAGQG) is possible.z_S

Intervertebral discs (IVDs) are composed of collagen
and aggrecan, which is a large proteoglycan (PG) molecule.
PGs consist of a core protein and one or more covalently
attached GAG chains.® They are important for vital func-
tions in IVDs like the maintenance of hydroscopic pres-
sure.®” TVDs are composed of two compartments: nucleus
pulposus (NP) and annulus fibrosus (AF). Their chemical
content is considerably different: AF consists of about 70%
collagen and 10-20% aggrecan, whereas NP is comprised of
20-30% collagen and 50% aggrecan.”®? Therefore, a lower

J. MAGN. RESON. IMAGING 2015;42:1517-1523.

GAG content is expected in normal AF compared to nor-
mal NP. The role of collagen in AF is to resist the swelling
pressure of NP and to provide shear and tensile strength.”
In previous studies, a decrease of GAG content was reported
to correlate with IVD degeneration, decreased hydration,
and decreased disc height.'*'!

Degeneration of IVDs is routinely assessed by Pfirr-
mann scoring.' This scoring is based on signal intensity,
disc height, and discriminability of NP and AF and height
of IVDs observed on T)-weighted images. A direct bio-
chemical assessment of the GAG content is not within the
scope of Pfirrmann scoring.

Different techniques have been introduced to quantify
GAG content, including 7, relaxometry imaging, dGEMRIC,

View this article online at wileyonlinelibrary.com. DOI: 10.1002/jmri.24945
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TABLE 1. Detailed Information About the Study Population
Age Corresponding Mean age Minimum Maximum Number Number
group age range [years] age age females males

1 20-29 242 21 28 7

2 30-39 33*3 30 38 7

3 40-49 45+ 4 40 49 5

4 50-59 56+2 51 59 11 3

5 60-69 63*3 60 69 8 6

sodium MRI, and gagCEST imaging.>'*™"> In the present
study, gagCEST imaging was chosen since it is directly
related to glycosaminoglycan content. It has been success-
fully applied in previous studies and it does not require con-
trast agent or dedicated MRI hardware such as sodium coils
and special high-frequency equipment. Hence, gagCEST
imaging has the key factors that drive broad scientific and
clinical use.

The purpose of our work was to investigate if GAG
content alters with age in IVDs of healthy volunteers with-
out low back pain.

Materials and Methods
Study Population

The study was approved by the local Ethics Committee, and writ-
ten informed consent was obtained from all participants. In all, 70
volunteers without low back pain or a history of low back pain (42
females, 28 males, mean age 44 * 14 years, range: 21-69 years)
were enrolled in this study. The volunteers were divided into five
age groups, each with 14 volunteers (Table 1). Repeated scans of
three additional measured volunteers were acquired and used for
assessment of test—retest reproducibility (two males, one female,
age 22 * 1 year). The time interval between the repeated gagCEST

measurements was about 40 minutes.

MR Hardware and Sequence Protocol
All volunteers were examined in the year 2014 in supine position
using a clinical whole-body 3T MR system (Magnetom Trio, A
Tim System, Siemens Healthcare, Erlangen, Germany). Signal
reception was performed with a spine matrix coil. Our MR
sequence protocol included a localizer, T5-weighted imaging in sag-
ittal and transversal orientation, and prototype gagCEST and
WASSR (water saturation shift referencing'®) sequences. Sequence
details of gagCEST and WASSR sequences are listed in Table 2.

Parameters of the sagittal 7)-weighted turbo spin echo
sequence were: number of slices =15, TE/TR =105/3100 msec,
slice thickness =3 mm, in-plane resolution =1.2 X 1.2 mm?, flip
angle = 160°, field of view =300 X 300 mm?, two signal averages,
number of echoes per slice =17, a resolution of 256 X 256, and
acquisition time of 3 minutes and 39 seconds.

The parameters of the transversal 75-weighted turbo spin
echo sequence were: number of slices =25, TE/TR = 113/4000
msec, slice thickness=3 mm, in-plane resolution=0.8 X
0.6 mm?, flip angle = 140°, field of view = 240 X 240 mm?, one
signal average, number of echoes per slice =26, a resolution of
384 X 307, and acquisition time of 3 minutes and 38 seconds.

The 7,-weighted images were acquired in order to enable
Pfirrmann scoring and differentiation between intervertebral discs
without bulging or herniation, discs with bulging and discs with

herniation.

TE/TR [msec]/[msec]
Resolution [mm?]

Flip angle [°]

Field of View [mm?]
Duration [min:sec]
Averages

Basic Resolution

TABLE 2. Detailed Sequence Parameters of the Prototype CEST and WASSR Sequences

CEST WASSR
3.01/1590 3.01/590

1.6 X 1.6 X 5 1.6 X 1.6 X 5
12 12

300 X 300 300 X 300
12:24 7:26

6 6

192 X 192 192 X 192
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GagCEST and WASSR sequences were composed of a CEST
presaturation module and a segmented 2D RF-spoiled gradient
echo module.

The CEST presaturation module of the prototype gagCEST
sequence consisted of six Gaussian-shaped RF pulses with a pulse
and interpulse duration of 100 msec and a B; amplitude of 1.5
UT averaged over time. One reference measurement without CEST
presaturation module and 25 measurements with CEST presatura-
tion module were applied to acquire the Z-spectrum in the range
of —4 ppm to 4 ppm.

The CEST presaturation module of the prototype WASSR
sequence consisted of one Gaussian-shaped RF pulse with a B,
amplitude of 0.3 uT and a pulse duration of 100 msec. One refer-
ence measurement without presaturation module and 41 measure-
ments with CEST presaturation module of the prototype WASSR
sequence were performed to cover a frequency range from —1
ppm to 1 ppm.

Bowel movement artifacts and artifacts due to abdominal wall
motion were reduced using a saturation band anterior to the spine.

GagCEST imaging provides information about the chemical
exchange between hydroxyl protons of glycosaminoglycans and
water. With the asymmetry analysis described in the data analysis
part, information about the CEST effect can be obtained.

Data Analysis

One radiologist (C.S., 3 years’ experience in radiology) scored all
lumbar IVDs according to the Pfirrmann grade.! In addition, he
graded these IVDs into morphological healthy IVDs (no bulging
and herniation) and diseased IVDs (bulging or herniation). Dis-
eased IVDs were excluded from statistical analysis.

A subset of 20 randomly selected volunteers was additionally
scored to the Pfirrmann grade by a second radiologist (R.S.L., 11
years' experience in radiology) in order to assess the reproducibility
of the visual scoring system.

gagCEST and WASSR images were motion-corrected using a
diffeomorphic registration approach incorporated in the prototype
software fMRLung (Siemens Healthcare).!”'®

For the analysis of the gagCEST effect an in-house developed
MatLab software (MathWorks, Natick, MA, R2012b) was used. As
the first step of data processing, an in-plane 3 X 3 Gaussian filter
was applied on each CEST and WASSR image to reduce image
noise. To correct the effect of By field inhomogeneity the WASSR
maximum symmetry algorithm was used for calculating a fre-
quency offsec map.'® This map was applied to correct acquired
CEST curves. The corrected CEST curves divided by the reference
signal Sy are further referred to as Z-spectrum Z(w). Based on
these data, the magnetization transfer asymmetry ratio (MTR )
was determined according to MTR,ym(Aw) = Z(-Aw) — Z(Aw),
where Aw is the specified frequency shift difference. GagCEST
maps were determined using the average MTR 1, value in the off-
set range from 0.9-1.9 ppm comprising the frequency range of res-
onance signals of GAG hydroxyl protons.°

A region of interest (ROI)-based analysis was performed for
evaluation of gagCEST values of the nucleus pulposus (NP) and
the annulus fibrosus (AF) analog to the method used by Haneder
et al.®> The average size of the ROIs was 38 = 15 pixels (NP) and
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26 = 11 pixels (AF). The ROIs were drawn by an experienced radi-
ologist (C.S., 4 years of experience). He was blinded to other
sequences and to the age of the participants. Mean values and

standard deviations were calculated for each ROI.

Statistical Analysis

We compared the means of the gagCEST values for different age
groups using a one-way analysis of variance (ANOVA) and Tukey’s
honestly significant difference (HSD) post-hoc test. P-values below
0.05 were considered significant.

We performed correlation analysis for each Pfirrmann score
including only IVDs without bulging and herniation using the
Spearman correlation coefficient p.

A correlation between gagCEST effect and Pfirrmann score
and between gagCEST effect and disc level was performed regard-
less of age.

To assess reproducibility between two gagCEST measure-
ments of the same volunteer, a two-sided paired Student’s #test
was performed. P < 0.05 was considered significant.

A kappa statistic was performed in order to assess the inter-
observer reliability of Pfirrmann grading.

Spearman correlation analysis between gagCEST effect and
age within discs with Pfirrmann grade 2 was additionally per-

formed for each radiologist.

Results

From a total of 350 investigated IVDs, 116 IVDs were
excluded from statistical analysis due to bulging or hernia-
tion. The majority of IVDs (66%) were scored as Pfirrmann
grade 2 (Table 3).

Complete interobserver agreement was achieved in
77%. A difference of one grade occurred in 23%. A differ-
ence of two grades and more was not obtained. The kappa
coefficient x for the interobserver agreement was moderate
to substantial (x = 0.60; Ak = 0.09).

We observed a loss of gagCEST effect with age for
Pfirrmann score 2 (Fig. 1).

As demonstrated in Fig. 2, gagCEST values of IVDs
without bulging or herniation decreased significantly
between age group 1 and 2 (NP: MTR,(group 1) =
3.09 = 1.12, MTR,,m(group 2) = 2.40 + 1.51, P=0.006;
AF: MTR gm(group 1) = 1.51 * 1.13, MTRm(group2) =
0.72*1.31, P=0.001;) and age group 2 and 3 (NP:
MTR,,m(group 3) = 1.15+ 137, P<0.001; AF: MTR,
sym(group 3) =-0.17 = 1.25, P<0.001). In contrast, we
noted no significant differences of MTR g, values between
age groups 3 and 4 in NP and AF. A significant decrease of
MTR m-values between age groups 4 and 5 was noted
only in NP (NP: MTR,sym(group 4) =0.74 = 1.11; MTR,
sym(group 5) =—-0.24 = 1.36, P = 0.001).

We obtained significant correlation between MTR
values and age in NP and AF only in case of Pfirrmann

grades 2 and 3 (Table 4). Within the subset data of 20 vol-
unteers, gagCEST values again decreased significantly with
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TABLE 3. Number of IVDs with Pfirrmann Scores 1, 2, 3, 4, and 5
Age group Number of IVDs Number of = Number of = Number of =~ Number of = Number of
with Pfirrmann IVDs with IVDs with IVDs with IVDs with IVDs without
score 1 Pfirrmann Pfirrmann Pfirrmann Pfirrmann bulging and
score 2 score 3 score 4 score 5 herniation
1 20 39 3 0 0 62
2 5 43 1 1 0 50
3 1 40 3 3 0 47
4 21 18 5 0 44
5 0 11 10 10 0 31
1-5 (all age 26 154 35 19 0 234
groups)

age for Pfirrmann grade 2 for both radiologists (Radiologist
1: p=-0.629, P<0.001 in NP and p =-0.572, P<0.001
in AF; Radiologist 2: p=-0.537, P<0.001 in NP and
=-0.537, P<0.001 in AF). Due to the small number of
discs within Pfirrmann grades 1, 3, and 4 (between 6 and

11) no correlation analysis was performed for these grades.
The MTR 5y

Pfirrmann score was p = —0.649

correlation  between values and

(P<0.001) in NP and

p=-0.512 (P<0.001) in AE The correlation between
MTR 4y, values and disc level was p = 0.397 (< 0.001) in
NP and p =0.256 (2<0.001) in AF, thus showing higher
gagCEST effect in discs at a lower level.

Average MTR ., values of these IVDs were not sig-
nificantly different between the two measurements (mea-
surement 1: MTR,,(NP) = 2.94 * 1.16, MTR;,,(AF) =
1.26 = 0.59; measurement 2: MTR ,,(NP) = 3.17 £ 1.38,

21 years

30 years 40 years

56 years

T2w

60 years

FIGURE 1: Decrease of gagCEST effect with aging in intervertebral discs. CEST images with overlaid MTR,.y, color map repre-
senting the gagCEST effect and sagittal T,-weighted images are shown in single subjects. Color coding indicates high glycosami-

noglycan (GAG) content (red) to low GAG content (blue).
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NP

a age group 1 age group 2 age group 3 age group 4 age group 5

4l mAF

] m |.

b age group 1 age group 2 age group 3 age group 4 age group 5

FIGURE 2: MTR,;ym mean values and standard deviations in NP
(a) and AF (b) for five different age groups. A significant
decrease of gagCEST effect was obtained in all investigated
regions between age groups 1 and 2 and age groups 2 and 3.
The P for NP are P=0.006 between age groups 1 and 2,
P<0.001 between age groups 2 and 3, P=0.120 between age
groups 3 and 4, and P=0.001 between age groups 4 and 5.
The P for AF are P=0.001 between age groups 1 and 2,
P =0.001 between age groups 2 and 3, P=0.428 between age
groups 3 and 4, and P=0.130 between age groups 4 and 5.

MTR,ym(AF) = 1.71 £ 1.10; P-value(NP) =0.22, P-value
(AF) = 0.11).

Discussion

Our results support the concept of a loss of glycosaminogly-
can content in intervertebral discs with age.

Based on the differences of gagCEST values within
Pfirrmann grades 2 and 3, we suggest that gagCEST imag-
ing might add information about degeneration even in the
absence of bulging or herniation in IVDs. Therefore, gagC-
EST imaging may be a potential research tool to investigate
IVD pathologies related to eatly cartilage degeneration or
damage. We assume that changes of gagCEST effect for
Pfirrmann scores 2 and 3 might be caused by biochemical
changes with aging, which might be smaller for Pfirrmann
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scores 1 and 4. Our data suggest that age-matched analyses
or age-correction may possibly be necessary in gagCEST
studies on normal-appearing intervertebral discs.

A decrease of gagCEST effect has been reported to be
related to proteoglycan depletion.” Furthermore, there is lit-
erature on the correlation of gagCEST effect with glycosami-
noglycan  concentration."”

Cartilage  degeneration s

associated with a loss of aggrecan, which is a large proteo-
glycan possessing numerous glycosaminoglycan chains.*
Aggrecan content has been reported to decline with aging
due to proteolysis.20 Taken together, the observed loss of
gagCEST effect with age may be explained by a loss of gly-
cosaminoglycans due to physiological IVD degeneration and
proteolysis in the aging discs. This finding is consistent with
data acquired by Haneder et al’ and Liu et al,*! which
show a decrease of gagCEST effect with anatomical disc
degeneration. Our study is limited by a lack of knowledge
of the true glycosaminoglycan content, which might be
assessed by histological samples only. Histological proofs
were not performed due to ethical considerations. However,
the gagCEST technique is an established method for the
assessment of glycosaminoglycan content.”'”

Next to gagCEST imaging, further biochemical imag-
ing techniques including sodium imaging and dGEMRIC
allow for the assessment of glycosaminoglycan content.”**’
Further, a relation between glycosaminoglycan content and
degenerative or symptomatic intervertebral discs has been
reported for these techniques.”*** Our gagCEST results are
consistent with these findings. Of the number of potentially
available biochemical MRI techniques, gagCEST imaging is
outstanding since no contrast or special MR hardware is
necessary. Nevertheless, comparative studies are needed on
different biochemical MRI methods for the assessment of
glycosaminoglycan content in human intervertebral discs.

In our study, we used the same B; amplitude averaged
over time as reported by Haneder et al.”> However, different
field strengths have been used previously for gagCEST imag-
ing (Liu et al: 0.8 uT, Saar et al: 1.8 uT, Kim et al: 1.5 uT
in phantoms and 0.75 uT in IVDs).>'*?! The B, amplitude

TABLE 4. Spearman Correlation Analysis Between
MTR.sym Values and Age.
NP AF

Pfirrmann p P-value p P-value
Score

1 —0.046 0.824 0.059 0.773

2 —0.558 < 0.001 —0.473 < 0.001
3 —0.337 0.048 —0.393 0.020

4 —0.316 0.188 —0.050 0.838
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could have an influence on both, the gagCEST asymmetry as
well as the spillover effect. We do not use higher B;-ampli-
tudes in order to keep the specific absorption rate (SAR) rea-
sonably low and to avoid higher spillover effects.

The gagCEST effect is considered sensitive to changes
in pH value, which has been established in an ex vivo por-
cine model.”® CEST imaging using the contrast agent
iopamidol is a recently developed MRI technique that ena-
bles
approach.””?® The present study is limited by the lack of

in vivo pH determination using a ratiometric

pH assessment in order to avoid the application of contrast
agent. The CEST effect of iopamidol might influence the
gagCEST effect due to competing CEST effects, possibly
interfering with GAG content assessment.

We obtained a more negative gagCEST effect in the
AF with aging. In addition, negative MTR ., values were
obtained in NP in older volunteers. This might have several
reasons. Z-spectrum analysis might be affected by the NOE-
effect, which is positioned at —1 ppm in the Z-spectrum,’
and thus on the opposite site than the resonance frequency
of the -OH groups of glycosaminoglycans. Other explana-
tions are alterations of Z-spectra due to changes in pH value
or artifacts due to low signal intensity in the Sp-image
(image without presaturation) of CEST data.

One limitation of this study is the large standard
deviation obtained for the MTR,y,, values of each age
group. This might be caused by a variation of MTR,ym,
values in dependence on disc level. The standard deviation
might be additionally influenced by factors like By and B,
field inhomogeneity, a low signal in the CEST image S
without presaturation, or a high spillover effect. Although
By field inhomogeneity correction was performed, no cor-
rection for B, field inhomogeneity was used in our study.
Therefore, development of an improved gagCEST method
including B; field inhomogeneity correction would be
advantageous.

A further limitation is that MTR g, only correlates
with concentration of glycosaminoglycans. Therefore, a
determination of the GAG concentration is not possible. In
addition, MTR y, may differ for different choices of presa-
turation pulses. Therefore, caution should be exercised when
comparing MTR,, values measured with different CEST
sequence designs.

The interobserver reliability in Pfirrmann grading was
moderate to substantial. In addition, we obtained a similar
dependence between gagCEST effect and age exemplary for
Pfirrmann grade 2. However, differences in Pfirrmann grad-
ing might influence the obtained relation between gagCEST
effect and age for each Pfirrmann grade. Therefore, supple-
mentary quantitative 7, imaging might be advantageous for
future gagCEST studies.

In the future, the gagCEST method might be used in
order to detect changes due to degeneration early or to start

1522

early clinical treatment. If the gagCEST effect is applied in
clinical routine, a comparison to reference MTR ., values
for the same age is necessary.

In summary, our findings indicate a significant relation
between glycosaminoglycan content and aging in healthy
human intervertebral discs in volunteers without low back
pain. Differences in glycosaminoglycan content with age can
be found with the gagCEST technique even in the absence
of morphological changes.
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Purpose: The purpose was to investigate the dependence of glycosaminoglycan chemical exchange
saturation transfer (gagCEST) effect of lumbar intervertebral discs (IVD) on gender, body mass index and
T2 value.
Methods: T2 imaging and gagCEST imaging was performed in 34 healthy volunteers (17 males, 17 females)
without low back pain at a 3 T MRI system (Magnetom Trio, A Tim System, Siemens Healthcare, Erlangen,
Germany). The body mass index was determined for each volunteer. The mean and standard deviation of
MTR,sym and T2 values were calculated for nucleus pulposus (NP) and annulus fibrosus (AF) as descriptive
statistics for females and males. An unpaired student's t-test was applied in order to validate obtained
differences. Pearson correlation was determined in order to reveal, if gagCEST effect and T2 values decrease
with increasing body mass index (BMI). Pearson correlation analysis was additionally performed between
gagCEST and T2 values.
Results: GagCEST effect and T2 values were significantly higher in females compared to males [gagCEST
effect (nucleus pulposus, females) = 3.58 4 1.49 %; gagCEST effect (nucleus pulosus, males) = 3.01 &+
1.63 %, p-value (gagCEST effect, nucleus pulposus) = 0.02); T2 (nucleus pulposus, females) = 134.56 +
30.27 ms, T2 (nucleus pulposus, males) = 122.35 £ 27.64 ms, p-value (T2, nucleus pulposus) = 0.01)].
Pearson correlation analysis showed a significant negative relation between BMI and gagCEST effect
(nucleus pulposus: p = —0.16, p = 0.03) and between BMI and T2 values (nucleus pulposus: p = —0.30,
p < 0.01). The correlation between gagCEST effect and T2-values was highly significant (nucleus pulposus:
p = 0.59, p < 0.01).
Conclusions: Significantly lower gagCEST effects were found in males compared to females and with
increased body mass index. The gagCEST effect was highly correlated with quantitative T2 imaging.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Larmor frequency of the solute proton pool, protons in this pool are
excited. The magnetization of solute protons is transferred to the

Glycosaminoglycan loss is an early step in the degeneration
process of intervertebral discs (IVDs) and is associated with low back
pain (LBP) [1-4]. Glycosaminoglycan chemical exchange saturation
transfer (gagCEST) imaging is a non-invasive magnetic resonance
(MR) method to assess glycosaminoglycan concentration and which
does not need contrast agent or specific hardware [5].

CEST imaging is based on the exchange between solute protons
and water protons [6]. If a radiofrequency pulse is applied at the

* Corresponding author at: University Dusseldorf, Department of Diagnostic and
Interventional Radiology, Moorenstr. 5, D-40225 Diisseldorf, Germany. Tel.: +49 211
81 17752; fax: +49 211 81 16299.

E-mail address: Christoph.Schleich@med.uni-duesseldorf.de (C. Schleich).

http://dx.doi.org/10.1016/j.mri.2015.10.024
0730-725X/© 2015 Elsevier Inc. All rights reserved.

water pool due to chemical exchange. If a long radiofrequency pulse
is applied, this exchange process is repeated resulting in a reduction
of magnetization of the water pool. During CEST imaging, a so-called
Z-spectrum is acquired by applying radiofrequency pulses at
different frequency offsets in relation to the Larmor frequency of
the water pool. The CEST effect is then determined by an asymmetry
analysis of the Z-spectrum.

gagCEST imaging in lumbar intervertebral discs was applied
previously in patients with low back pain (LBP) showing a reduced
gagCEST effect in discs with morphological degeneration [2]. In
addition, a reduced gagCEST effect was reported in patients with
spondyloarthritis compared to healthy volunteers [7]. Recently,
age-dependency of the gagCEST effect was reported in healthy
volunteers of different age [8]. To the best of our knowledge, the
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Table 1
Detailed sequence parameters.
T2-weighted T2-weighted imaging T2 mapping CEST WASSR
imaging (sagittal) (transversal)
TE [ms] 105.0 113.0 9.1, 18.2, 27.3, 364, 45.5, 54.6, 63.7, 72.8, 81.9, 91.0 3.9 3.9
TR [ms] 3100.0 4510.0 800.0 1760 442.0
Field of view [mm?] 300 x 300 300 x 240 300 x 300 300 x 300 300 x 300
Voxel size [mm?] 1.2x12 0.8 x 0.6 1.6 x 1.6 1.6 x 1.6 1.6 x 1.6
Slice thickness [mm] 3.0 3.0 5.0 5.0 5.0
Flip angle [°] 160 140 180 12 12
Duration [min:sec] 3:39 5:13 4:23 9:09 3:43
Averages 2 1 3 2 2
Basic resolution 256 x 256 384 x 307 192 x 192 192 x 192 192 x 192
Number of slices 15 27 1 1 1

dependence of gagCEST effect on other patient properties like gender
and body mass index has not been investigated yet.

In a previous study, the gagCEST technique was compared with
T2 mapping in the knee of sixty-nine subjects [9]. The authors
showed that high gagCEST values were accompanied by high
T2-values [9]. T2 mapping and gagCEST imaging has also been
applied by Haneder et al. in LBP patients resulting in a weak
correlation between gagCEST effect and T2 relaxation time [2].

Several studies have reported an association between body mass
index (BMI) and intervertebral disc (IVD) degeneration [10-15].
Further, changes in gagCEST values and T2 values have been
reported with IVD degeneration [2,16]. Therefore, we hypothesized
a reduced gagCEST effect and T2 values with increased BMI.

In the current study we used gagCEST imaging in young healthy
volunteers to investigate the dependence of gagCEST effect on
gender. Furthermore, we tested for a correlation between the
gagCEST effect and the body mass index. Finally, we aim to validate
if gagCEST effect is correlated with T2-value in lumbar intervertebral
discs of healthy volunteers.

2. Materials and methods
2.1. Study population

Imaging was performed in 34 volunteers without low back pain
(17 females (mean age 26 + 5 years; minimum age: 21 years;
maximum age: 39 years) and 17 males (mean age 26 + 4 years;
minimum age: 20 years; maximum age: 35 years)). Before MR
examination, weight and body height were recorded. The study was

[%]

asym

MTR

NP NP, AF AF

m f m f
Fig. 1. Magnetization transfer ratio asymmetry (MTR,sym) as descriptive parameter
for the CEST effect in nucleus pulposus (NP) and annulus fibrosus (AF) in males (m)
and females (f).

approved by the local ethics committee and written informed
consent was received from all volunteers before enrolment.

2.2. MR measurements

MR experiments were performed on a whole-body 3 T MR
system (Magnetom Trio, A Tim System, Siemens Healthcare,
Erlangen, Germany) using a spine matrix coil. Our MR protocol
included a localizer, T2-weighted imaging in sagittal and transversal
direction, a sequence for quantitative T2-mapping, prototype
gagCEST and WASSR (Water Saturation Shift Referencing [17])
sequences. Sequence details of T2-weighted imaging, quantitative T2
imaging, CEST, and WASSR are listed in Table 1.

Biochemical imaging was performed using the gagCEST and
WASSR sequences. These were composed of a saturation module and
a segmented 2D RF-spoiled gradient echo module.

The parameters of the CEST and WASSR saturation module are
described elsewhere in detail [7,8,18]. For both gagCEST and WASSR
measurements a saturation band was applied anterior to the spine in
order to suppress bowel movement artifacts and artifacts due to
abdominal wall motion [7,8,18].

2.3. Data analysis

T2-weighted images were analysed to reveal the presence or
absence of herniation. The body mass index was calculated for each
volunteer following the standard approach: mass/height?.

WASSR and CEST data were analysed as follows: After motion
correction using a diffeomorphic registration approach [19] and field
inhomogeneity correction [8,17], Z-spectra and corresponding MTRsym

180

160

140 {
120
100 J

80 I

T2 [ms]

60

40

20

NP NP AF AF,
m f m f

Fig. 2. Transverse relaxation time T2 in nucleus pulposus (NP) and annulus fibrosus
(AF) in males (m) and females (f).
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Fig. 3. MTR,sym versus R2 = 1/T2 values in NP (left) and AF (right).

curves were determined. MTR,sym maps were determined in the
irradiation frequency offset range from 0.9 to 1.9 ppm. Nucleus pulposus
(NP) and annulus fibrosus (AF) were segmented using in-house-
developed MATLAB software based on Bayes classification [7]. The mean
and standard deviation of MTR,ym were determined for each NP and AF
of the lumbar intervertebral disc. T2 values were determined by a fit to
the signal at different echo times.

2.4. Statistical analysis

MATLAB (MathWorks, Natick, MA, R2012b) was used for
statistical analysis. The mean and standard deviation of MTRusym
and T2 values were calculated for NP and AF as descriptive statistics
for females and males. Kolmogorov-Smirnov test was applied to
verify normal distribution of MTR,sm and T2 values over all
volunteers, for females and for males in NP and AF. An unpaired
student's t-test was applied in order to validate obtained differences.
P-values below 0.05 were considered to be significant. Univariate
analysis of variance (ANOVA) was applied in order to detect, if there

0

are differences of MTR,sym values or T2 values dependent on disc
location. Pearson correlation was determined in order to reveal, if
gagCEST effect and T2 values decrease with increasing body mass
index (BMI). Pearson correlation analysis was additionally per-
formed between gagCEST and T2 values.

3. Results

All MRI measurements were technically successful. No herniations
were seen in all healthy volunteers. The number of discs without
herniation and protrusion was 72 in males and 79 in females; the
number of discs with protrusion was 13 in males and 6 in females.

The average BMI was 24.6 + 4.4 kg/m>.

Kolmogorov-Smirnov test verified normal distribution of MTR,sym
and T2 values over all volunteers, for males and for females.

MTRsym and T2 values were significantly higher in females compared
to males in NP and AF (MTRueym(NP, females) = 3.58 4+ 1.49 %;
MTR,sym(NP, males) = 3.01 + 1.63 %, p-value(MTR,sym(NP)) = 0.02;
MTR,sym(AF, females) = 2.35 + 1.18 %, MTR,eym(AF, males) = 1.75 +

150

100

50

Fig. 4. MTR,sym [%] (left) and T2 [ms] (right) map overlaid with anatomical images in lumbar intervertebral discs. In this case, the lowest disc (L5/S1) has lower T2 and MTR,sym
values compared to higher discs. T2 values and MTR,sym Vvalues are positively correlated.
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1.18 %, p-value(MTRasym(AF)) < 0.01; T2(NP, females) = 134.56 +
30.27 ms, T2(NP, males) = 122.35 4+ 27.64 ms, p-value(NP) = 0.01;
T2(AF, females) = 88.51 + 16.04 ms, T2(AF, males) = 72.92 +
11.41 ms, p-value(AF) < 0.01) (Figs. 1, 2).

Univariate analysis of variance (ANOVA) revealed no significant
difference of MTR,sym and T2-values for lumbar discs dependent on
their location. Pearson correlation analysis showed a negative
relation between BMI and MTRyym, values (NP: p = —0.16, p =
0.03; AF: p = —0.13, p = 0.09) and between BMI and T2 values
(NP: p = —0.30, p<0.01; AF: p = —0.29, p<0.01). In NP, this
correlation was significant. In AF, the correlation was only significant
between BMI and T2-values.

The correlation between gagCEST effect and T2-values was highly
significant (NP: p = 0.59, p < 0.01; AF: p = 0.44, p < 0.01) (Fig. 3).
The dependence between gagCEST effect and T2-value is additionally
presented in one exemplary volunteer with disc protrusion on disc
level L5/S1 (Fig. 4). This disc showed reduced MTR,sym and T2-values
compared to other discs.

4. Discussion

We showed that the gagCEST effect represented by the
asymmetric magnetization transfer ratio (MTR,sym) analysis of the
Z-spectrum after field inhomogeneity correction is significantly
higher in females compared to males. The gagCEST effect decreased
significantly with the body mass index. The gagCEST effect is
correlated with quantitative T2 evaluation. Females showed signif-
icantly higher T2 values compared to males. No differences in
MTR,sym values were noted between discs at different locations.

The differences in MTRysym values between males and females
might be caused by the higher percentage of discs with protrusion in
men (15 %) compared to females (7 %) in our volunteer cohort. Discs
with protrusion were included in order to keep the mean age over all
discs in females and males equal.

The body mass index correlates negatively with T2 values and
gagCEST effect. This might indicate a higher degree of degeneration
due to overweight. This assumption might be substantiated by the
findings of Teraguchi et al. who reported a relation between obesity
and disc degeneration using the Pfirrmann scoring system [20,21].

A correlation between gagCEST imaging and T2 mapping was
previously reported by Rehnitz et al [9] in the knee. One possible
explanation is that the gagCEST effect at 3 T might not only depend
on the concentration of glycosaminoglycans, but also on the
T2-values of the intervertebral discs [9], which reflects water
content and collagen architectural order. An alternative explanation
is that glycosaminoglycans are important for the maintenance of
fluid content [3,7], so that higher GAG concentrations may be
associated with higher water content, which leads to increased
T2 values.

In our study, no differences of gagCEST effect were obtained in
dependence on disc location. In literature, different findings were
obtained. Kim et al. revealed a trend of decreasing gagCEST values
from upper to lower discs investigating the discs L3/L4, L4/L5 and L5/
S1 [22]. In contrast to our study with 34 volunteers, only twelve
volunteers were included in their study. A further difference is that
we investigated a younger population (mean age: 26 years; age
range: 20-39 years) compared to Kim et al. (mean age: 30 years; age
range: 25-53 years) [22]. This might lead to an increased degree of
degeneration, especially at lower disc heights due to weight bearing.
In addition, our studies are different in regard to the CEST
presaturation module.

In a recent study, a correlation between gagCEST effect and
age was reported [8]. Our data indicated that both T2 values
and MTR,sm values also depend on gender. In order to define
standard values, a study including a high number of patients

should be conducted in the future. In addition, an improvement
of the gagCEST method to enable quantitative analysis of glycos-
aminoglycans might be desirable. A major difficulty might be the
fast exchange rate of the hydroxyl group of glycosaminoglycans as
well as the presence of high spill-over effect, nuclear overhauser
effect, magnetization transfer effect and the CEST effect of the
NH-group of glycosaminoglycans.

One limitation of this study is the absence of intervertebral disc
biopsy in order to determine the water content and glycosamino-
glycan concentration. A histological analysis might reveal, why T2
values and gagCEST effect are correlated. Due to ethical consider-
ations, biopsies were not realized in our study.

A further limitation is that we performed our measurements in
2D in order to decrease image acquisition time. However, 3D
gagCEST measurements have been applied previously [2]. Compro-
mises have to be made between data acquisition time, number of
measurements at different frequency offsets, additional acquisition
of data for water saturation shift referencing, number of signal
averages and duration of CEST presaturation module.

In conclusion, significantly lower gagCEST effects were found in
males compared to females and with increased body mass index. The
gagCEST effect was highly correlated with quantitative T2 imaging.
Future studies might reveal if the reduced gagCEST effect with
reduced T2 values is caused by a loss of glycosaminoglycans or by a
T2-shine-through effect.
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Abstract

Objective To evaluate glycosaminoglycan chemical exchange
saturation transfer (gagCEST) imaging at 3T in the assessment
of the GAG content of cervical IVDs in healthy volunteers.
Materials and Methods Forty-two cervical intervertebral
discs of seven healthy volunteers (four females, three males;
mean age: 21.4+1.4 years; range: 19-24 years) were exam-
ined at a 3T MRI scanner in this prospective study. The MRI
protocol comprised standard morphological, sagittal T2
weighted (T2w) images to assess the magnetic resonance im-
aging (MRI) based grading system for cervical intervertebral
disc degeneration (IVD) and biochemical imaging with
gagCEST to calculate a region-of-interest analysis of nucleus
pulposus (NP) and annulus fibrosus (AF).

Results GagCEST of cervical IVDs was technically success-
ful at 3T with significant higher gagCEST values in NP com-
pared to AF (1.17 %+1.03 % vs. 0.79 %=+1.75 %; p=0.005).
We found topological differences of gagCEST values of the
cervical spine with significant higher gagCEST effects in low-
er IVDs (r=1; p=0). We could demonstrate a significant, neg-
ative correlation between gagCEST values and cervical disc
degeneration of NP (r=—0.360; p=0.019). Non-degenerated
IVDs had significantly higher gagCEST effects compared to
degenerated IVDs in NP (1.76 %+0.92 % vs. 0.52 %+
1.17 %; p<0.001).
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Conclusion Biochemical imaging of cervical IVDs is feasible
at 3T. GagCEST analysis demonstrated a topological GAG
distribution of the cervical spine. The depletion of GAG in
the NP with increasing level of morphological degeneration
can be assessed using gagCEST imaging.

Keywords Chemical exchange saturation transfer -
Glycosaminoglycan - Cervical intervertebral discs - Magnetic
resonance imaging

Introduction

Neck pain is a common symptom in humans [1] and often
occurs in combination with intervertebral disc (IVD) degen-
eration [2]. The pathophysiology of IVD degeneration is not
yet completely understood, the most researchers assume a
multifactorial origin such as environmental factors, physiolog-
ical consequences of aging or correlation with mechanical
loading [3].

Morphological magnetic resonance imaging (MRI) is a
well established and the most sensitive method for the clinical
assessment of IVD degeneration [4]. Degenerative changes of
the disc are characterized by a decrease of the water content,
which can be morphologically visualized by T2-weighted im-
ages in MRI [5, 6].

A semi-quantitative, five-point-Likert-classification
system (grade 1-5) for the assessment of cervical disc
degeneration was presented by Miyazaki et al. according
to nucleus signal intensity, nucleus structure, distinction
between nucleus pulposus and annulus fibrosus, and disc
height in midsagittal T2-weighted images with classifica-
tion of severe degenerated cervical IVDs in grades 4 or 5
[7]. Although this classification system showed a very
good intra- and interobserver reliability, it did not provide
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reliable quantification of the changes in the early stages of
IVD degeneration which are characterized by a loss of
glycosaminoglycans (GAG) or water in a morphologically
intact disc [8].

To quantify the biochemical changes that develop during
the early stages of IVD degeneration, a more sensitive tech-
nique is needed. Glycosaminoglycan chemical exchange sat-
uration transfer (gagCEST) is a novel technique which facili-
tates visualization and quantification of GAGs in joint carti-
lage or IVDs [9, 10].

The different parts of the human IVD, annulus fibrosus
(AF) and nucleus pulposus (NP), vary substantially in the
content of the two main macromolecular components, col-
lagen and aggrecan [11]. Aggrecan is a large proteoglycan
attached with approximately 100 GAG side chains [12].
The proteoglycan content is about 50 % in the NP and
10-20 % in the AF [13], whereas the distribution of col-
lagen is the opposite with 20-30 % in the NP and 70 % in
the AF [14]. GAGs are important to maintain IVD tissue
fluid content and a deficit is associated with the develop-
ment of degenerative disc disease [12]. With gagCEST, it
is possible to acquire molecule-specific saturation infor-
mation on bulk water protons for the indirect detection of
glycosaminoglycans in IVDs [15].

To the best of our knowledge, the measurement of GAG
content with gagCEST of cervical I[VDs has not yet been inves-
tigated adequately to date. Our hypothesis was that gagCEST of
cervical IVDs is feasible and the GAG content of cervical IVDs
is decreased in MRI-morphologically degenerated discs com-
pared to MRI-morphologically healthy discs.

Materials and methods
Study population

The study was approved by the local ethics committee.
Written informed consent was obtained from all volunteers
for this prospective study. Seven healthy volunteers (four
females, three males; mean age 21.4+1.4 years; range:
19-24 years) without neck pain, overweight or previous
surgery of the cervical spine were prospectively enrolled
in this study.

MR hardware and sequence protocol

All volunteers were examined in supine position using a clin-
ical whole-body 3T MR system (Magnetom Trio, A Tim Sys-
tem, Siemens Healthcare, Erlangen, Germany). Signal recep-
tion was performed using a 12-channel head coil, a dedicated
neck coil and a spine-matrix coil. Our MR sequence protocol
included a localizer, a T2-weighted sequence in sagittal orien-
tation and the prototype gagCEST (glycosaminoglycan
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chemical exchange saturation transfer) and WASSR (water
saturation shift referencing) sequences. WASSR and CEST
sequences were composed of a presaturation module and a
segmented 2D RF-spoiled gradient echo module. Detailed
parameters are provided in Table 1. Figure 1 shows an exam-
ple of biochemical gagCEST imaging and morphological T2w
image of the cervical spine.

Parameters of the sagittal T2-weighted turbo spin echo
(TSE) sequence were: number of slices=12, TE/TR=
111 ms/4870 ms, slice thickness=3 mm, in-plane resolu-
tion=0.8x0.8 mm?, flip angle=140°, field of view=150x
150 mm?, number of excitations (NEX)=2, number of echoes
per slice=25, a basic resolution of 192x192 and acquisition
time of 1 min and 15 s.

One radiologist, blinded to the gagCEST values, with
4 years of experience in musculoskeletal radiology
scored all cervical intervertebral discs according to the
Miyazaki scoring system [7]. The scoring system is
based on a five-steps Likert scale with grade 1 and 2
for non-degenerative discs and grade 3-5 for degenera-
tive IVDs according to nucleus signal intensity, nucleus
structure, distinction between nucleus pulposus and an-
nulus fibrosus, and disc height in midsagittal T2-
weighted images. To analyze degenerated from non-
degenerated discs, we divided the IVDs into two,
pooled groups: group A is composed of IVDs with Mi-
yazaki score 1 or 2, group B is composed of IVDs with
Miyazaki score 3 to 5.

WASSR and CEST images were motion-corrected using a
diffeomorphic registration approach incorporated in the pro-
totype software fMRLung (Siemens Healthcare, Erlangen,
Germany) [10, 16]. The following data analysis was per-
formed with an in-house-developed MATLAB software
(The Mathworks, Inc., Natick, MA, USA, R2012b). A reduc-
tion of image noise was performed using an in-plane 3 x3
Gaussian filter. BO field inhomogeneities were corrected using
the WASSR maximum symmetry algorithm [17]. The offset-
corrected CEST-curves divided by the signal without CEST
presaturation SO are defined as Z(w). The magnetisation trans-
fer asymmetry was defined as MTR jqym(Aw)=Z(-Aw)—-
Z(Aw), where Aw is the specified frequency shift difference.
The evaluation of glycosaminoglycan CEST effect was deter-
mined using the MTR 1, Value in the frequency range Aw
from 1.1 to 1.5 ppm, which comprises the chemical exchange
resonances of GAG hydroxyl protons.

A region-of-interest analysis was performed for
MTR,sym evaluation of the nucleus pulposus (NP) and
annulus fibrosus (AF) using an in-house developed IVD
segmentation (MATLAB software; The Mathworks, Inc.,
Natick, MA, USA, R2012b). All cervical IVDs were de-
tected automatically. The disc segmentation was based on
Bayes-classification to divide bone and ligament from
disc tissue of the cervical spine. The defined ROIs were
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Table 1 Detailed sequence
parameters for the prototype WASSR CEST
gagCEST and WASSR sequence
2D RF-spoiled GRE module
Te/Tr ms/ms 5.56/575 5.56/1990
In-plane resolution mm’ 0.8x0.8 0.8x0.8
Basic resolution 256%256 256%256
Slice thickness mm 5 5
Flip angle ° 12 12
Field of view mm? 150%150 150150
Duration min:sec 10:40 17:36
NEX (number of excitations) 2 2
Presaturation module
Number of measured frequency offsets 42 26
Maximum frequency offset Awyyax ppm 1 4
B1-CWAE uT 1.5 0.3
Number of CEST presaturation pulses 1 8
PD/IPD ms/ms 100/6 100/100

divided into NP (the innermost 60 % of the IVD) and AF
(the remaining region of the IVD), as reported in the pre-
ceding studies [18-20].

Mean and standard deviation of MTR,,, were deter-
mined. Additionally, mean MTR,, values of NP and AF
were analyzed according to significant difference; further-
more, we appropriated NP- and AF-MTR 1, values to calcu-
late significant differences between group 1 (non-
degenerative discs) and group 2 (degenerative discs). Statisti-
cal significance was evaluated using a two-tailed student’s t-
test. Spearman correlation analysis was performed between
MTR,¢ym values and the morphological grading, as well as

the corresponding disc location. p-values below 0.05 were
considered to be significant.

Results

All measurements were technically successful and there were
no drop outs. A total of 42 IVDs were analyzed. One IVD was
scored Miyazaki score 1,21 IVDs were graded Miyazaki 2, 18
IVDs were scored Miyazaki score 3, two IVDs were graded
Miyazaki 4 and no IVDs were scored Miyazaki score 5. The
mean gagCEST values of NP were significantly higher

Fig. 1 Morphological T2w image and gagCEST imaging of the cervical
spine. a Picture represents morphological T2-weighted images for
Miyazaki classification. The cervical spine was scored according to
Miyazaki classification: grade 2 for C2/3, grade 3 for C3/4, grade 3 for
C4/5, grade 3 for C5/6, grade 2 for C6/7 and grade 2 for C7/Th1. b Picture
demonstrates sagittal T2-weighted images with an overlaid MTR gy,

color map illustrating the corresponding gagCEST effect of the cervical
IVDs. Color coding indicates high glycosaminoglycan (GAG) content in
red to low GAG content in blue. We found significantly lower gagCEST
values in degenerative discs compared with non-degenerative discs.
Additionally, higher GAG values could be demonstrated in lower
located cervical IVDs
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Table2  Detailed summary of the 42 analyzed /VDs with morphological grading according to Miyazaki and colleagues, number of IVDs, percentage
of total IVDs, mean MTR,,,,, values of NP and AF in % and p-value of the comparison between NP and AF

Miyazaki grading No. of IVDs Percentage of total [VDs Mean MTR oy, [%0] NP vs. AF
NP AF p-value

1 1 2.38 0.88+0.00 0.03+0.00 -

2 21 50.00 1.74+0.94 1.15£1.01 0.006

3 18 42.86 045+1.21 0.34+1.49 0.523

4 2 4.76 1.16+£0.01 1.02+0.63 0.806
Pooled 1/2 22 52.38 1.76+0.92 1.14+0.99 0.003
Pooled 3/4 20 47.62 0.52+1.17 0.40+1.43 0.473

compared to AF (1.17 %=£1.03 % vs. 0.79 %=1.75 %; p=
0.005). The descriptive statistic is summarized in Table 2.

GagCEST values compared with morphological grading

Morphological grading of cervical IVDs was performed ac-
cording to the five-steps scoring system of Miyazaki and col-
leagues with grade 1 and 2 of non-degenerated discs and grade
3-5 of degenerated discs. MTR 4y values of NP were signif-
icantly higher in non-degenerated discs compared to
degenerated discs (1.76 %+0.92 % vs. 0.52+1.17; p<0.001;
Fig. 2). In the AF, there was a borderline significant difference
between non-degenerated discs compared with degenerated
discs (1.14 %=+0.99 % vs. 0.40+1.14; p<0.1; Fig. 2).

There was a significant, negative correlation between mean
gagCEST values and morphological grading in the NP (r=—0,
360; p=0.019). In non-degenerated cervical IVDs (Miyazaki
grade 1/2), significantly higher mean MTR ¢, values were
found in the NP compared with the AF (1.76 %=+0.92 % vs.
1.14 %=+0.99 %; p=0.003), but there were non-significant
differences between these two components in degenerated
IVDs (Miyazaki grade 3/4; 0.52 %=+1.17 % vs. 0.40 %=+
1.43 %; p=0.473).

Topological distribution of gagCEST along the cervical
spine

We found higher gagCEST values in the lower cervical IVDs
compared with higher located discs in the NP (»=1; p<0.001).
In the AF, there was a positive, borderline significant trend
towards higher MTR sy, values in lower located cervical
IVDs (r=0.771; p<0.1) (Fig. 3; Table 3).

Reproducibility calculation
For the intra-subject reproducibility, two of the seven volun-

teers (one female, one male) were examined twice. The two
examinations were acquired consecutively, between the
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measurements the volunteers were moved out of the MRI
scanner and were positioned again. We built an average of
the gagCEST effect of NP and AF and compared the two data
sets. Between both measurements no significant differences of
NP- and AF-gagCEST effects were seen (p=0.436).

Discussion

Biochemical changes are considered as the early manifesta-
tions of IVD degeneration [21]. GAGs were identified as
playing a central role in the degenerative processes of [VDs
[12]. Disc degeneration seems to associated with the incapac-
ity of disc cells to maintain a highly hydrated proteoglycan-
rich matrix in the NP to which GAGs are bound [22]. The

3
NP
25 AF
2
_ 15
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7 1
o
=
0 [
0.5
- Miyazaki 1+2 Miyazaki 3+4

Fig. 2 Pooled MTRy,, of non-degenerative cervical discs compared
with degenerative cervical discs. Pooled MTRqy, of non-degenerative
cervical discs (Miyazaki score 1 and 2) revealed significantly higher
gagCEST values compared with degenerative cervical discs (Miyazaki
score 3 and 4) for NP (1.76 %=+0.92 % vs. 0.52+1.17; p<0.001). For AF,
no significant difference between non-degenerative and degenerative
discs could be detected (1.14 %+£0.99 % vs. 0.40+1.14; p=0.065).
Negative MTR iy, values may be explained by side effects such as the
nuclear Overhauser effect and the magnetization transfer effect
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Fig. 3 GAG distribution of different localizations of the cervical spine.
GAG distribution of different localizations of the cervical spine. The
MTRym values of NP were significantly higher in lower located discs
(r=1; p<0.001). For AF, we found a positive but not significant trend
towards higher GAG content in lower located cervical discs (r=0.771; p=
0.072). Negative MTR 5y, values may be explained by side effects such
as the nuclear Overhauser effect and the magnetization transfer effect

complete details of the complex and multifaceted disc degen-
eration process is not yet understood [8].

Feasibility studies report on successful differentiation of
degenerative and non-degenerative IVDs with gagCEST [11,
23]. The CEST dataset consists of several images acquired
with presaturation impulses at different offset frequencies
around the water resonance, and one reference image without
saturation. The normalized signal as a function of the
presaturation offset (z-spectrum) can then be utilized to deter-
mine and quantify the CEST effect according to the MTR gy,
values with respect to the water resonance due to the —OH
protons of GAG appearing in a frequency range of 0.9
—1.9 ppm from the water resonance. The magnitude of the
measured MTR s, values correlates directly with the under-
lying concentration of GAG [24].

In our young, healthy collective, 47 % (20/42 discs) of the
analyzed cervical IVDs showed morphological disc changes.
IVD degeneration is known to be common among

Table3 Mean gagCEST values in % of NP and AF among the cervical
spine

Disc height Mean MTRqyrm values [%]
NP AF

C2/C3 0.45+0.95 0.16+1.43
C3/C4 0.77+£0.99 0.51+1.69
C4/C5 0.87+0.77 0.59+1.53
C5/C6 0.91+1.00 0.30+1.74
Co/C7 1.79+1.06 1.66+1.93
C7/Thl 221+1.42 1.50+2.18

asymptomatic patients and is prevalent in cervical discs of
young, healthy adults [8, 25]. As expected from histological
analyses and previous imaging studies [13, 15] demonstrating
higher GAG content in NP compared with AF, the gagCEST
content in the non-degenerated NP (Miyazaki grade 1/2) was
significantly higher than for AF; however, in degenerated cer-
vical IVDs (Miyazaki grade 3/4) the gagCEST effects for NP
and AF were not significantly different. The diminished dif-
ference between NP and AF in degenerated discs as a result of
reduced gagCEST signal may indicate a loss of GAG com-
pared with healthy IVDs, which supports the concept of GAG
loss in degenerative IVDs [11, 12]. Especially in the NP, we
could demonstrate a significant GAG depletion in degenerated
discs (Miyazaki grade 3/4) compared with non-degenerated
discs (Miyazaki grade 1/2). These findings are corroborated
by published data identifying changes in the GAG content in
the NP as one of the central points in early IVD degeneration
[11, 26]. In the AF, we found a borderline significant differ-
ence between degenerated and non-degenerated cervical
discs, which may be due to the a priori low GAG content of
the AF [13] and the small sample size in this study. These
results indicated that the NP may be the appropriate compart-
ment of cervical IVDs to detect early disc alterations. The
significant correlation between gagCEST values and morpho-
logical grading supported that it may be possible to distinguish
degenerated from non-degenerated cervical IVDs with
gagCEST, which had been demonstrated for lumbar IVDs in
the literature [11].

Additionally, we assumed a topological distribution of
higher GAG content in lower located cervical IVDs. Sowa
et al. were able to demonstrate higher T2 signals in lower
located cervical discs. The authors believed that this reflects
an increasing water and proteoglycan content in the lower
cervical IVDs to resist the stronger mechanical load in this
part of the spine [8, 27].

Our study had some limitations. The main limitation of
this study was the restricted number of volunteers participat-
ing in cervical gagCEST imaging. With our analysis, we
could demonstrate that gagCEST of cervical IVDs was fea-
sible at 3T, taking into account the assessment of GAGs in
the cervical spine is much more challenging compared with
lumbar IVDs, due to motion artifacts caused by respiration
or artery pulsation [28]. During postprocessing management,
we established several techniques to achieve an optimal set-
ting for GAG measurements by using magnetic field inho-
mogeneity (WASSR) or motion corrections (diffeomorphic
registration algorithm). The current results seem to be prom-
ising for evaluating the initial results in a larger population.
We believe that the strength of this study is the homoge-
neous, asymptomatic population of young adults. In further
evaluations, patients with neck pain or neurological symp-
toms should be included. The absence of cartilage biopsies
was a further limitation. Biopsies were not performed due to
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ethical considerations; also we did not analyse gender and
race effects in this study.

Additionally no consensus analysis by a second reader for
gagCEST and morphological analysis according to Miyazaki
was performed. For Miyazaki scoring, we think that this is a
minor limitation because of the good intra- and interobserver
agreement, given in the literature [7]. The gagCEST values for
cervical IVDs were detected automatically with the algorithm
described in the previous, making an inter-observer analysis
obsolete. Our intra-observer calculation of gagCEST analysis
revealed no significant differences between the two measure-
ments of the same volunteer in two of the seven volunteers;
thus, these data have to be confirmed in future studies.

In summary, gagCEST of cervical IVDs on a clinical 3
Tesla MRI system may be a powerful, non-invasive research
tool to investigate early disc degeneration in future studies.
GagCEST of non-degenerative IVDs demonstrated signifi-
cantly higher GAG values compared with degenerative discs,
especially in the NP. Supporting our findings, GAG content of
NP was higher in non-degenerative discs compared with AF.
In degenerative cervical IVDs, the characteristic difference of
the GAG content between NP and AF disappeared. The topo-
logical distribution of gagCEST along the cervical spine dem-
onstrated higher GAG content in lower cervical [VDs.

Conflict of interest The authors declare that there is no conflict of
interest.
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Abstract

Objective To establish and optimize a stable 3 Tesla (T) glycosaminoglycan chemical exchange saturation transfer (gagCEST)
imaging protocol for assessing the articular cartilage of the tibiotalar joint in healthy volunteers and patients after a sustained
injury to the ankle.

Methods Using Bloch—-McConnell simulations, we optimized the sequence protocol for a 3 T MRI scanner for maximum
gagCEST effect size within a clinically feasible time frame of less than 07:30 min. This protocol was then used to analyze the
gagCEST effect of the articular cartilage of the tibiotalar joint of 17 healthy volunteers and five patients with osteochondral
lesions of the talus following ankle trauma. Reproducibility was tested with the intraclass correlation coefficient.

Results The mean magnetization transfer ratio asymmetry (MTR ), i.e., the gagCEST effect size, was significantly lower
in patients than in healthy volunteers (0.34+1.9% vs. 1.49+0.11%; p <0.001 [linear mixed model]). Intra- and inter-rater
reproducibility was excellent with an average measure intraclass correlation coefficient (ICC) of 0.97 and a single measure
ICC of 0.91 (p<0.01).

Discussion In this feasibility study, pre-morphological tibiotalar joint cartilage damage was quantitatively assessable on the
basis of the optimized 3 T gagCEST imaging protocol that allowed stable quantification gagCEST effect sizes across a wide
range of health and disease in clinically feasible acquisition times.

Keywords Cartilage - Magnetic resonance imaging - Proteoglycans - Osteoarthritis - Molecular imaging

Introduction

To this day and age, several magnetic resonance imaging
(MRI) techniques have emerged that go beyond mere mor-
phological depiction of joint cartilage. Such compositional
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exchange saturation transfer (gagCEST) imaging assesses
the specific GAG content in human articular cartilage and
its depletion, which is considered an early sign of cartilage
degeneration [5].

GagCEST imaging is based upon the chemical exchange
of water protons between GAG and bulk water molecules.
To induce a CEST effect, solute protons are saturated by
a frequency-specific radiofrequency (RF) pulse and then
transferred to bulk water by chemical exchange, which
consequently reduces its signal. The normalized signal
can then be used to quantify the CEST effect at a GAG
-specific frequency range of 0.9—1.9 ppm via analysis of
the magnetization transfer ratio asymmetry (MTR ),
which correlates with the GAG concentration [5, 6]. For
additional details on the basic principles of CEST imag-
ing, the interested reader is referred to earlier excellent
reviews.[7, 8]. Several studies showed promising results
using gagCEST imaging at the spine [9-12]. However,
data on the joints of the lower extremity with substantially
thinner cartilage are sparse. In 2016, our group demon-
strated promising results for the application of gagCEST at
the knee joint [13]. Kogan et al. applied gagCEST imaging
on a 7 T MRI scanner to assess the ankle joint of healthy
volunteers [14]. Even though these results were promis-
ing, gagCEST imaging of the ankle joint has not yet been
established on a 3 T MRI scanner. To achieve a more wide-
spread scientific and clinical adaptation of the technique,
the clinical utility has to be demonstrated on a broader
scale, which -given the limited availability of 7 T MRI
scanners- necessitates the technique’s implementation on
more widely available 3 T MRI scanners.

Tibiotalar joint injuries are common [15]. Osteochondral
lesions of the talus (OLT), defined as an injury of the carti-
lage layer and the underlying subchondral bone, are frequent
injuries in active populations that can be seen in up to 73%
of all traumatic ankle injuries [16]. OLTs may predispose the
joint to premature OA and ought to be diagnosed in an early
and reliable manner as a timely diagnosis is a pre-requisite
for appropriate treatment [17].

The aim of this study was (a) to develop and optimize a
gagCEST imaging protocol for the articular cartilage of the
tibiotalar joint that is clinically feasible and fits into diag-
nostic workflows and (b) to apply this imaging protocol to
a population of healthy volunteers and patients with OLT
after an ankle injury to prove clinical utility and validity. We
hypothesized that -based on the developed and optimized
2agCEST imaging protocol- (a) imaging of the articular
cartilage of the tibiotalar joint would be possible in a clini-
cal population and in clinically feasible time frames and (b)
patients after variable ankle injuries (representative of the
patient population undergoing MRI diagnostics in the clinic)
demonstrate lower gagCEST effects compared to healthy
volunteers.

@ Springer

Methods
Simulations

In a first step, simulations using the two-pool (water and
GAG (-OH and —NH) Bloch—-McConnell equation [18,
19] and a customized script (implemented in MATLAB
[R2018a, The MathWorks, MA, USA] and to be down-
loaded at https://github.com/cest-sources/BM_sim_
fit/) [20] were applied for the optimization of a pulsed
gagCEST sequence [20-22]. The equations were solved
analytically [19]. Based on this script, the CEST effect was
simulated without the application of a saturation pulse.
The radiofrequency field strength B1, the pulse duration
t, and the number of CEST saturation pulses n, were var-
ied using a constant duty cycle (DC) of 0.5. To keep the
specific absorption rate (SAR) within the safe range, local
SAR was restricted accordingly. Therefore, the maximum
pulse duration was secondarily restricted by ther scanner
to a maximum of 300 ms. For water, simulations were
performed with relaxation times as reported earlier, i.e.,
T1=1.2 s and T2=0.039 s and a concentration of 88§ M
[23, 24]. The following parameters were used for GAG-
OH protons: exchange rate = 1000 Hz, concentration
03M,Tl=1s,T2=0.01 s and chemical shift=1 ppm,
and for GAG-NH protons: exchange rate =50 Hz, con-
centration=0.1 M, T1=1s, T2=0.01 s and chemical
shift=3.2 ppm [24, 25]. The different variations of the
parameters used in the simulation are displayed in Table 1;
output parameters were z-spectra and MTR, i, curves. For
each parameter, the maximum MTR, , value was analyti-
cally determined at a step size of 0.01, 0.02 and 0.05 ppm
at frequency offsets of 0.9-1.9 ppm, 0.5-1.5 ppm and
1-1.5 ppm. The optimized protocol in terms of the largest
gagCEST effect at a reasonable acquisition time was used
for the subsequent in-vivo studies.

Table 1 Details of sequence parameters used for simulating each
parameter’s contribution to quantitatively assess GAG exchange pro-
cesses based on Bloch—-McConnell simulations

Experiment n, 1, (ms) B, [uT]
1 6 100 0.2;0.4; 0.6;
0.8;1.0; 1.2;
1.4
6 100; 200; 300 1.0
3 2:4;6;8;10; 100 1.0
12; 14

In each experiment, one of the three parameters (number of pulses n,,
pulse duration 7,,, and radiofrequency-field strength B;) was system-
atically varied
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In-vivo study
Study population

19 healthy volunteers (mean age 23.0+ 3.8, range
20-37 years, 11 males, 8 females) and six patients (mean age
31.7+9.3, range 2044 years, two males, four females) after
earlier ankle injury were recruited from 06/2018 to 01/2019
via dedicated specialist consultations at our Department of
Orthopedic and Trauma Surgery. The predefined inclusion
criterion for patients was an isolated traumatic OLT lesion as
diagnosed in earlier MRI studies. At the time of recruitment,
patients were graded according to the Anderson modifica-
tion of the Berndt and Harty classification and four patients
had grade 1 and two patients grade 2b OLT lesions [15, 16].
Predefined exclusion criteria for healthy volunteers included
all forms of primary or secondary OA of the ankle as well
as other bone and joint disorders such as OLT, rheumatoid
arthritis, avascular necrosis, gouty arthritis, septic arthritis,
Paget disease or osteochondritis dissecans. Volunteers were
also excluded if they had acute or chronic ankle pain or a
history of serious trauma or surgery to the index ankle joint.

The MRI data sets of one patient and two healthy vol-
unteers had to be excluded from image analysis due to
excessive motion artifacts. The mean disease duration of
patients was 22 + 30 months (range 1-60 months). Written
and informed consent was obtained from all patients before
the initiation of the study. The study was approved by the
local ethics committee (Ethical Committee of the University
Hospital Diisseldorf, study number: 3980).

MRI studies

All imaging studies were performed on a 3 T MRI scanner
(Magnetom Prisma, Siemens Healthineers, Erlangen, Ger-
many) using a dedicated receive-only 16-channel foot—ankle
coil (Foot/Ankle 16, Siemens Healthineers). Patients and
volunteers were scanned in the supine position with a neutral
ankle position of 90° dorsiflexion. Positioning aids, sand-
bags and medical tape were used to reduce motion artifacts.

The MRI protocol included standard morphologi-
cal sequences, i.e., sagittal (sag) and coronal (cor) Pro-
ton Density-weighted (PDw) fat-saturated (fs) sequences,
transversal (tra) T2-weighted turbo-spin echo (TSE), and
cor T1-weighted TSE sequences. In addition to the actual
2agCEST sequence as detailed below, water saturation
shift referencing (WASSR), T1 mapping gradient echo
(GE) and T2 multi-spin- echo (SE) mapping sequences
with five different echo times (13.8, 27.6, 41.4, 55.2 and
69 ms) were acquired. Of note, the latter two sequences
were only acquired in the healthy volunteers and not in the
patients. GagCEST imaging was performed using a two-
dimensional (2D) radiofrequency (RF)-spoiled GE sequence

with a pulsed CEST pre-saturation module consisting of 8
Gaussian-shaped RF pulses with a duty cycle of 0.5. 26
images with pre-saturation pulses at different offset fre-
quencies around the bulk water resonance were obtained.
Among these images was one reference image with a fre-
quency offset of 300 ppmThe maximum frequency offset
(Aw) was 4 ppm with a step size of 0.33 ppm. In a fraction
of the healthy volunteer cohort (n= 10, mean age 22.4 + 1.8,
range 20-25 years, seven males, three females) radiofre-
quency field strengths and pulse durations were systemati-
cally varied to optimize the protocol at the beginning of the
study. More specifically, three different radiofrequency field
strengths (B;=0.6, 0.8 and 1.0 uT) and three different pulse
durations (tp =100, 200 and 300 ms) were used. Based on the
results of the simulations, i.e., the largest measured MTR .,
values, we used a radiofrequency field strength of B, =0.8
and a pulse duration 7,=300 ms in the remaining healthy
volunteer and patient cohorts. For the WASSR sequence,
22 images with pre-saturation and a reduced radiofrequency
field strength (B, =0.25 uT) were obtained. The maximum
frequency offset was decreased to Ao =1 ppm with a step
size of 0.1 ppm. For WASSR and CEST sequences, motion
correction was applied. The acquisition time was 5:01 min
for the CEST and 2:22 min for the WASSR sequence. The
total acquisition times for the compositional MRI sequences
were: 24:21 min for the initial 10 healthy volunteers
(3%5:05 min CEST, 1x2:22 min WASSR, 6 X 1:14 min T1)
and 7:27 min for the remaining 7 healthy volunteers and the
5 patients (1 X5:05 min CEST and 1Xx2:22 min WASSR).
The acquisition time for the morphological sequences was
18 min, resulting in a total scan time of 42:21 min for the
initial 10 volunteers and 25:27 min for the consecutive 7
volunteers and the 5 patients.

Detailed parameters of the morphological and composi-
tional sequences are given in Tables 2 and 3.

Image analysis

All images were independently analyzed by two radiologists
(DBA, 3 years of training in musculoskeletal imaging; CS,
8 years of training in musculoskeletal imaging) who were
blinded to the volunteers’ or patients’ data. First, all studies
were read to determine the individual joint’s overall status
with a particular focus on the integrity of tibiotalar carti-
lage. Also, OLTs were -if present- classified according to
Hepple et al. [26]. Second, using the unsaturated WASSR
image, both readers independently identified the cartilage
layers of the tibiotalar joint and quantified its biophysical
properties in a standardized manner by placing an ellipsoid-
shaped region-of-interest (ROI) in the median plane onto
both cartilage layers at the central load-bearing region of
the tibiotalar joint. Each ROI was placed distant to the tibial
and talar bone cortex and the anterior and posterior joint
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Table 2 Detailed sequence

N . Imaging parameter Sagittal fs PDw  Coronal fs PDw  Transversal T2w TSE ~ Coronal T1w TSE
parameters of morphological
MRI sequences FOV (mm) 160x 160 160 160 160x 160 160 160
Slice thickness (mm) 3 3 3 3
TE (ms) 40 40 78 17
TR (ms) 4000 4000 4600 700
Resolution (mm/pixel) 0.31x0.42 0.31x0.42 0.31x0.39 0.28x0.4
Flip angle (°) 150 150 150 140
Acquisition matrix 512x384 512x384 512x410 576403

Field of view (FOV), slice thickness, echo time (TE), repetition time (TR), resolution, flip angle, and acqui-
sition matrix are given for sagittal and coronal fat-saturated proton-density-weighted (fs PDw), transversal
T2-weighted turbo spin echo (T2w TSE) and coronal T1-weighted TSE (T1w TSE) sequences

Table 3 Detailed sequence parameters of compositional MRI sequences

Imaging parameter WASSR gagCEST T1 map T2 map
FOV (mm) 160x 160 160x 160 160 x 160 160x 160
Slice thickness (mm) 5 5 7 3 mm
TE (ms) 3.5 35 11 13.8/27.6,
41.4/55.2/69

TR (ms) 7.2 72 6000 1000
TI (ms) 25/50/100/500/1000/2000
Resolution (mm/pixel) 0.6x0.6 0.6x0.6 0.6x0.6 0.4x0.4
Flip angle (°) 15 15 180 180
Pulsed CEST saturation module

Frequency range (ppm — ppm) —1tol —3to3

Number of Dynamic Scans 2141 25+ 1 reference image

Number of saturation pulses 1 8

Pulse Duration [ (ms) 54 300 (100, 200)

Interpulse Duration (ms) - 300

B, amplitude (uT) 0.2 0.8 (0.6, 1.0)

In healthy volunteers, pulse duration [ and B, amplitude were evaluated at 100, 200, and 300 ms and at 0.6, 0.8, and 1.0 uT, respectively, while

in patients, the following parameter settings were used: 300 ms and 0.8 uT

WASSR water saturation, gagCEST glycosaminoglycan chemical exchange saturation transfer imaging, FOV field of view, TE echo time, TR rep-

etition time, 77 inversion time

areas to reduce partial volume artifacts due to the presence
of cortical bone and potentially excessive amounts of joint
fluid (Fig. 1). The second reader repeated the ROI place-
ment at a different time point to allow for the assessment of
inter-rater reliability.

For the analysis of the MTRasym curve, i.e., the CEST
effect, we used an in-house script implemented in Matlab
(MATLAB R2018a, The MathWorks, Inc., MA, USA).
Prior to further evaluation, B, field inhomogeneities were
corrected by the WASSR maximum-symmetry algorithm
with the calculation of a pixel-wise frequency offset curve
[27, 28]. These offset-corrected CEST-curves divided by
the signal without pre-saturation (S,) were defined as the
so-called z-spectrum (Z (»)). The maximum frequency off-
set of each z-spectrum was Aw =3 ppm. Next, we used the
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magnetization transfer asymmetry (MTR,, ) (defined as
MTR,ym(Aw) =Z(— Aw) — Z(Aw)) for the evaluation of
the gagCEST effect [29]. MTR,,,, maps were calculated
using the average value of MTR,,, in the GAG-specific
range of Aw=0.9 — 1.9 ppm [30]. In addition, the B, cor-
rected and -normalized spectra were fitted using Lorentz-
ian function analysis to account for the GAG-OH, GAG-
NH, water pools at — 1 ppm, the nuclear Overhauser effect
at — I and — 2.8 ppm and the magnetization transfer pool
at — 2.43 ppm [31, 32]. In the following, the Lorentzian-
fitted gagCEST effect is given as GAG-OH amplitude.

T1 and T2 relaxation times calculations in ten healthy
volunteers were also performed in Matlab. In a pixel-wise
manner, acquired data was fitted and calculated based on
the following equations:
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Fig.1 Exemplary image detailing the region-of-interest (ROI) defini-
tion. Water saturation shift referencing sequence (WASSR) image of
the tibiotalar joint of a 29-year-old healthy male. Manual definition
of the ROI in the central weight-bearing region of the tibiotalar joint
was performed individually by two radiologists to include the carti-
lage layers of the tibiotalar joints while reducing partial volume arti-
facts due to cortical bone and/or joint fluid

T1: M (1) =M — (M? - MZ(O))exp(;—t)
1
T2: M, (1) = Mxy(O)exp(;—t)
2

with T1 and T2 being the sought relaxation times, M_(f) the
total magnetization in the z-direction, and M, () the total
magnetization in the xy-plane at time point 7.

Statistical analysis

SPSS software (IBM, version 22, Armonk, NY, USA)
was used for all statistical analyses by KLR and DBA. For
descriptive analysis, mean gagCEST values + standard devi-
ation, median, and range (minimum-maximum) were calcu-
lated for healthy volunteers and patients. For optimization
of the imaging protocol radiofrequency field strength and
pulse duration were systematically varied and then compared
using a multivariate analysis of variance (MANOVA) and a
post-hoc Schefté-test. For the comparison of gagCEST val-
ues between both cohorts, a multivariable statistical analy-
sis was performed using a linear mixed model (LMM). The
established model included a subject-specific random inter-
cept, the factors healthy volunteer/patient, age, gender and
the interaction of these factors assuming a fixed linear effect

on the gagCEST values. Results of this model are given in
Table 1 of the Supplementary Material. The LMM was fitted
using a restricted maximum likelihood approach (REML).
Based on this final model, the mean differences of gagCEST
values were calculated and evaluated for significance. For
correlation analyses of MTRasym values and GAG-OHam-
plitudes, Pearson’s correlation was determined and quanti-
fied using the correlation coefficient r. Correlation strength
was graded as suggested by Cohen [33]: small (0.1-0.3),
moderate (0.3-0.5), and large (> 0.5). p values <0.05 were
considered significant. For the evaluation of inter- and int-
rarater reliability, single and average measure intraclass cor-
relation coefficients (SICC and alCC) were calculated based
on the ROIs drawn by the two raters.

Results
Simulations

The results of the systematic simulations are illustrated in
Figs. 2 and 3.

a. Variation of 7,

Maximum MTRasym values were 1.33 % at 0.9-1.9
ppm with 7, = 200 ms, 1.07 % at 0.5-1.5 ppm with 7,
= 100 ms and 1.37 % at 1.0~1.5 ppm with 7, = 100 ms
(Fig. 3a).

b. Variation of n,,.

The CEST effect increases with the number of applied
saturation pulses (n;) (Fig. 3b). Eight applied pulses
reach 98% of the maximum gagCEST effect that could
be obtained with 14 pulses at all ranges (0.9-1.9 ppm,
0.5-1.5 ppm and 1.0-1.5 ppm). Maximum MTR,,
values with eight applied pulses were 1.33 % at 0.9-1.9
ppm, 1.02 % at 0.5-1.5 ppm and 1.33 % at 1.0-1.5 ppm.

c. Variation of B;.

The CEST effect increases with increasing B until it
reaches a maximum (Fig. 3c). Due to the spillover effect,
MTR,,, values decrease beyond the maximum. Maximum
MTR,,,, values were 1.33 % at 0.9-1.9 ppm and a B, of 1
uT, 1.17 % at 0.5-1.5 ppm and a B; of 0.8 puT and 1.37 % at
1.0-1.5 ppm and a B, of 1 uT.

In-vivo studies
Morphological MRI of patients and healthy volunteers

Apart from the presence of OLTs as outlined below and a
moderate joint effusion, the overall joint status of three of
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five patients was unremarkable. In them, we did not find any
bone marrow lesions, subchondral thickening, osteophytes
or joint space narrowing. In two patients, we noted signs
of secondary OA with osteophytes, joint space narrowing,
subchondral sclerosis, and moderate joint effusion. The joint
status of healthy volunteers was unremarkable without any
structural alterations. Within the entire study population, the
following accessory ossicles were found: Os tibiale exter-
num in six individuals, Os trigonum in three individuals, Os
supratalare in one individual.

Staging of OLTs was performed according to the Heppner
classification (stages 1-5, 1: articular cartilage damage only,
2a: cartilage injury with underlying fracture and surrounding
edema, 2b: 2a without surrounding edema, 3: detached, but
undisplaced fragment, 4: detached and displaced fragment,
5: subchondral cyst). The following stages were observed
in the patient cohort: one individual with stage 2a, one indi-
vidual with stage 3, one individual with stage 4 and two
individuals with stage 5.

Implementation of the optimized protocol in 10 healthy
volunteers

Table 4 gives the details of the MTRasym values in 10
healthy volunteers as a function of systematically varied
parameter settings of B, (0.6, 0.8, and 1.0 uT) and tp (100,
200, and 300 ms).

a. Variation of B;.
The mean MTR,,,, values had a maximum of 1.7
+ 1.4 % at 0.8 uT and tended to be -even though non-
significantly- numerically higher than at 1.0 uT (0.5 +
1.0 %, p=0.073) and at 0.6 uT (1.3 + 1.1 %, p = 0.759).

b. Variation of ly-

The highest mean MTR,,,, values were found at 7, = 300
ms that were significantly higher than at 7, = 100 ms (1.67

vs. 0.12 %, p < 0.004) and tended to be higher than at Iy =
200 ms (1.67 vs 0.71 %, p = 0.092).

Implementation of the optimized protocol in all healthy

volunteers and patients

a. MTR,,, values and GAG-OH amplitude of healthy vol-
unteers vs. patients.

Using the optimized imaging protocol (with the fol-
lowing framework conditions: radiofrequency-field
strength B,= 0.8, pulse duration 7,= 300 ms and number
of pulses n,= 8), the mean MTR,,, value of the tibio-
talar joint cartilage in patients was 0.3 + 0.2 % (95 %
confidence interval [CI] 0-0.7) and in healthy volunteers
was 1.5+ 0.9 % (95 % CI 1.3-1.7) (p < 0.001). MTR .,
values are visualized in Fig. 3. Corresponding gagCEST
maps are given in Fig. 4.

Gag-OH amplitudes of the tibiotalar joint cartilage in
patients were 0.8+0.4 % (95% CI 0-1.6) and in healthy
volunteers 2.0+0.2 % (CI 1.6-2.4) (p = 0.013). We
found strong and significant correlations between mean
MTR 4y, values and gagOH amplitudes (r= 0.56, p =
0.006).

No significant differences were found between the vol-
unteers that were used for protocol optimization and the
remaining volunteers (volunteer cohort 1: MTRasym:
1.5 + 0.9 %, volunteer cohort 2: MTRasym: 1.4 + 0.9
%, p = 0.715).

The reproducibility of the MTR,,,, values of all ROIs
was excellent (aICC= 0.97, 95% confidence intervals
0.82/0.95, p < 0.001 and sICC=0.91, 95% C10.93/0.98,
p <0.001).

b. TI and T2 relaxation times in healthy volunteers.

The in-vivo measurements in healthy volunteers showed a
mean T1 relaxation time of 940 + 120 ms (range 720-1080
ms) and a mean T2 relaxation time of 35+ 7 ms (range
26-48 ms) (Figs. 5, 6).

Table 4 Magnetization transfer

ratio asymmetry (MTR,,,,,) Offset frequency [ppm] B, (uT) 1, (ms) MTRasym (%) p value
values as a function of 0.9-1.9 0.6 100 0.37+0.78 100 vs. 200 ms: < 0.001
systematically varied B, and 1, 200 0.75+0.65 100 vs. 300 ms: < 0.001
in 10 healthy volunteers 300 1.34+1.05 200 vs. 300 ms: 0.016
0.8 100 0.12+0.47 0.6 vs. 0.8:
200 0.71+0.81 1.0
300 1.67+1.35 0.6 vs. 1.0:
10 100 0.2740.78 o001
200 0.94+1.02 0 Vs LU <D
300 0.49+0.95

MTR,

asym

values are given as mean =+ standard deviation

Means were compared using a multivariate analysis of variance (MANOVA) followed by a post-hoc

Scheffé test

p values <0.05 were considered significant and are given in bold type
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Fig.4 Illustration of Z-spectra (a) and MTRasym (b) curves of the
simulation (blue), a volunteer (yellow) and a patient (orange). CEST
framework conditions were B, =0.8, tp=300 ms and np=48. Simula-
tions results For the patient’s and volunteer’s curves means (dots) and
standard deviations (whiskers) are given.Of note, the GAG-NH peak
is only visible in the simulation, but not in-vivo

Discussion

The most important finding of this study is that -follow-
ing comprehensive and systematic sequence optimization-
gagCEST imaging of the tibiotalar joint is feasible using a
clinical standard 3 T MRI scanner, fits into clinical work-
flows with an acquisition time of less than 07:30 min, and
yields stable and reproducible results that allow composi-
tional cartilage assessment. In addition, we demonstrated
that the tibiotalar joint cartilage of patients with known tibi-
otalar joint injury, especially OLT, have significantly lower
gagCEST values than healthy volunteers.
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Fig.5 Comparison of MTR,, values in patients and healthy vol-
unteers. Data are presented as means (thick line), medians (square
boxes), standard deviation (boxes), and ranges (whiskers). For each
cohort, two separate boxes are presented: 1 gives the MTRasym val-
ues of the ROI defined by rater 1. Box 2 depict the MTR values

asym
of the corresponding ROIs of rater 2. p values <0.05 were considered
significant and are highlighted with an asterisk

Compositional MRI exceeds the mere morphological
depiction of cartilage and allows for the detection of early
cartilage changes that precede morphological alterations,
i.e., loss of proteoglycans, as an early, potentially treat-
able stage of OA. GagCEST can be used for the detection
and treatment monitoring of very early OA [34]. Despite
this great clinical need, research on gagCEST imaging
in general has been limited by the numerous technical
complexities involved such as homogeneous magnetic
field properties, long scan times, low SNR, and high field
strengths (optimally > 7.0 T) that are considered necessary
for cartilage imaging [35]. Moreover, with the majority
of imaging studies focusing on the knee joint, data on the
tibiotalar joint is sparse [14]. This is mainly due to the
joint’s limited cartilage thickness, measuring only about
2 mm in healthy individuals and the known limited spatial
resolution of gagCEST imaging [36, 37]. In this study, we
set out to establish and optimize a gagCEST imaging pro-
tocol with reasonable scan times, sufficient SNR, and high
reproducibility at 3.0 T for the potential implementation
in the clinical setting.

GagCEST imaging can be modified by altering the num-
ber of applied saturation pulses, pulse durations and radiof-
requency field strengths. To find the optimal setting of these
parameters that allow for both a high gagCEST effect size
and reasonable acquisition time, we used the Bloch—-McCo-
nnell simulation before proceeding with the in-vivo meas-
urements [38]. The simulation experiments showed a maxi-
mum effect size at a radiofrequency field strength of 0.8 uT.
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Fig.6 Sagittal proton-density weighted (PDw) images and corre-
sponding glycosaminoglycan chemical exchange saturation transfer
(gagCEST) maps of a 29-year-old healthy male (a and b) and an age-
matched male patient with an established osteochondral lesion of the
talus (OLT; ¢, d, e). a Unremarkable tibiotalar joint with no sign of
cartilage damage, osteoarthritis or OLT. ¢ Osteochondral lesion of
the anterior talus (black arrowhead), osteophyte of the anterior tibia
(white arrowhead), and intra-tissue signal hyperintensity of the ante-
rior tibiotalar joint cartilage indicative of focal cartilage damage (long

The effect size decreased at higher field strengths due to the
‘spillover effect’: With an increasing B, amplitude, the spillo-
ver effect leads to direct saturation of the water pool instead
of the soluble proton pool and hence results in decreases of
the gagCEST effect [39]. When tested in healthy volunteers,
we noted numerically higher MTRy,, values and GAG-OH
amplitudes at 0.8 than at 1.0 uT, but not than at 0.6 uT. The
effect size increased with the applied number of pulses with
a MTRy,, of 0.98% at 14 pulses; however, at eight applied
pulses, the MTR ., reached 0.98% of the maximum effect
size. To keep the acquisition time as short as possible at a
maximum gagCEST effect size, we decided to use eight
pulses. Moreover, the effect size was found to be increased
with increasing pulse durations. Due to limitations secondary
to the specific absorption rate (SAR); however, the maximum
pulse durations to be used in vivo were limited to 300 ms
[40]. By trend, we found higher MTR ,,,, values in vivo at a
pulse duration of 300 ms (as compared to 100 and 200 ms)—
even though these differences were only partially significant.

MTRasym [%]

arrow). e More medial to (c¢), presence of a large cystic OLT in the
weight-bearing aspect of the talus (long arrow) representing a stage
5 OLT according to the Hepple classification and an osteophyte of
the anterior tibia (arrowhead). Overall, the tibiotalar joint cartilage is
focally thinned, inhomogeneous, and irregular. b and d The tibiota-
lar joint cartilage of the healthy volunteer has higher gagCEST values
than the patient (color-coded gagCEST maps overlaid onto T1w mor-
phological image)

After simulations and in-vivo experiments, our final
gagCEST protocol consisted of 8 applied pulses with a pulse
duration of 300 ms at a radiofrequency field strength of 0.8
MT and a constant duty cycle of 0.5 aiming for a minimized
scan time. We used WASSR to improve the differentia-
tion of the water and GAG peak as well as to correct for B,
field inhomogeneities [27]. Using this protocol, we found
excellent reproducibility of gagCEST values as measured
by one individual rater and between two independent raters
(aICC=0.97 and sICC=0.91). These values for reproduc-
ibility were even higher than presented in previous stud-
ies focusing on gagCEST of peripheral joints [34]. A good
reproducibility is beneficial not only for future studies, but
also for the perspective of clinical implementation of the
technique [41].

The acquisition time of the optimized gagCEST sequence
was 5:01 min, followed by an additional 2:22 min for the
WASSR sequence. Thus, the sequence requires 7:23 min.
Hence, our scan time is comparable to the one presented
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by Kogan et al., who conducted the only previous study
on gagCEST imaging of the ankle joint, and even shorter
than several gagCEST studies focusing on the knee joint
[13, 14, 42]. Additionally, the gagCEST imaging protocol
was designed for 3 T scanners, which is the commonly used
field strength for musculoskeletal imaging in clinical prac-
tice [43]. Thus, our protocol may be applied in both research
and clinical contexts to further advance the clinical utility
of gagCEST imaging of the tibiotalar joint. However, it still
has to be considered less sensitive at detecting early carti-
lage changes than imaging protocols applied at 7 T scanners,
especially if the latter are designed as volumetric multi-slice
approaches [14]. Volumetric protocols have been imple-
mented at 3 T scanners for gagCEST imaging of the knee
joint and generally allow for better localization of cartilage
changes. Consequently, future adaptation of volumetric pro-
tocols for gagCEST imaging of the tibiotalar joint seems of
great scientific and clinical interest.

In addition to providing a stable and reproducible pro-
tocol, we observed significant differences between healthy
volunteers and patients with OLTs. Since this study was the
first of its kind comparing healthy individuals with patients
using gagCEST at the ankle joint, we chose a patient cohort
with morphologically damaged cartilage to demonstrate fea-
sibility of this technique. In the future, we intend to study
patients after ankle trauma without morphological apparent
cartilage lesions to assess the presence of pre-morphological
tissue damage.

Despite its strengths, our study has limitations. Our meas-
ured T1 and T2 relaxation times were shorter than the ones
used for the simulations, but were overall comparable to the
current literature [44].

Synovial fluid in general and joint effusion in particular
are known to interfere with gagCEST imaging due to the
presence of GAGs [1, 45]. Therefore, we placed our ROIs
in the center of the tibiotalar joint at a distance to the ante-
rior and posterior anatomical recesses, where joint fluid may
collect and distort our measurements. A priori, we excluded
patients with manifest joint effusion as visible in the mor-
phological sequences. However, since we included both car-
tilage layers, i.e., both tibial and talar, in one single ROI, the
odds are high that synovial fluid might have contaminated
our gagCEST measures. Future studies should, therefore, use
sequences that use fluid suppression. Moreover, our study
population was small, which may be explained by the fact
that we set out to implement a clinically applicable imaging
protocol for gagCEST imaging. Nonetheless, future studies
need to be conducted to corroborate our findings in larger
patient numbers. Furthermore, we did not compare our
findings to the gold-standard technique dGEMRIC. Since
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dGEMRIC relies on gadolinium-based contrast agents and
its use is restricted due to ethical reasons, we consider this
only a minor limitation. Last, we used a two-pool exchange
model considering only the water- and the GAG-OH pool
for the simulation. This model might be partially inaccurate
for in-vivo applications, because of other influencing factors
such as the GAG-NH pool, the nuclear Overhauser effect
(NOE), and the magnetization transfer (MT) that were not
included in our simulation because of lacking application-
specific-framework fitting parameters for the NOE and
MT. However, for the eventual quantification of the in-vivo
measurements we used both the MTRasym values and the
Lorentzian fit analyses. While the former accounts only for
the water and the GAG-OH pool the latter also takes the
GAG-NH, NOE and magnetization transfer pools into con-
sideration. As both were strongly correlated, we consider the
morge simple two-pool exchange model to be sufficient for
in-vivo quantification purposes.

In this feasibility study, pre-morphological tibiotalar joint
cartilage damage was quantitatively assessable on the basis
of an optimized 3 T gagCEST imaging protocol that allowed
a stable gagCEST effect quantification both in normal and
degenerated cartilage in clinically feasible acquisition times.
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Abstract

Objective To investigate whether motion correction improves
glycosaminoglycan chemical exchange saturation transfer im-
aging (gagCEST imaging) of intervertebral discs (IVDs).
Materials and methods Magnetic resonance gagCEST imag-
ing of 12 volunteers was obtained in lumbar IVDs at 3 T using
a prototype pulse sequence. The data were motion-corrected
using a prototype diffeomorphism-based motion compensa-
tion technique. For both the data with and that without motion
correction (data., data,.), CEST evaluation was performed
using the magnetisation transfer ratio asymmetry (MTR ;qym)
as a means of quantifying CEST effects. MTR,qy, and the
signal-to-noise ratio (SNR) of the MTR ;4yr,, map in the nucle-
us pulposus (NP) were compared for data, and data,.. A visual
grading analysis was performed by a radiologist in order to
subjectively quantify the quality of the MTR,qy, analysis
(score 1: best quality, score 5: worst quality). Furthermore, a
landmark analysis was performed in order to objectively
quantify the motion between CEST images using the mean
landmark distance dyean.

Results MTR 4y, and SNR were significantly higher for the
motion-corrected data than for the uncorrected CEST data
(MTRgsym(data;) = 3.77 % £ 0.95 %, MTR,sym(data,)
=341 % = 1.54 %, p value=0.001; SNR(data,) = 3.88+
2.04, SNR(data,.) = 2.77+1.55, p value<0.001, number of
IVDs = 48). The visual grading analysis revealed a higher
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reliability for data, (maximum score = 2) compared with
data,. (maximum score = 5). The landmark analysis demon-
strated the superiority of the motion-corrected data
(dmean(data,) =0.08 mm +0.09 mm, d,,c.n(data,.) = 0.36 mm
+0.09 mm, p value=0.001).

Conclusion Our study showed significant improvements in
the ability to quantify CEST imaging in IVDs after the appli-
cation of motion correction compared with uncorrected
datasets.

Keywords Chemical exchange saturation transfer - Motion
correction - Glycosaminoglycans - Intervertebral disk -
Magnetic resonance imaging

Introduction

Low back pain (LBP) occurs in all age groups [1-4] and has a
significant negative effect on the quality of life [5]. Interver-
tebral disc (IVD) degeneration has been assumed to be one of
the causes of LBP [6, 7], for which a loss of glycosaminogly-
cans has been reported to be an initiating factor [5].
Magnetic resonance imaging plays an important role in the
assessment of cartilage degradation owing to the ability to
non-invasively assess the biochemical composition of carti-
lage with different MRI techniques such as dGEMRIC, T,
relaxometry imaging, “’NA imaging and glycosaminoglycan
chemical exchange saturation transfer imaging (gagCEST)
imaging [1, 8—11]. GagCEST imaging is a biomarker of
cartilage GAG composition that has been applied in the hu-
man lumbar IVD in prior studies. GagCEST imaging is di-
rectly related to the content of glycosaminoglycans.
GagCEST imaging exploits the accumulation of molecule-
specific saturation information on bulk water protons for the
indirect detection of glycosaminoglycans [12]. In CEST im-
aging, several measurements are performed with a CEST
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presaturation module at different frequency offsets. These
measurements yield the Z-spectrum, which enables an asym-
metry analysis for the evaluation of the gagCEST effect [13].
Owing to the consecutive acquisition of several scans, the
CEST sequence is subject to motion artefacts arising from
patient movement during the acquisition time. In various
MRI fields such as dynamic MRI, dGEMRIC and functional
magnetic resonance imaging, motion correction techniques
have been established to improve the quality of the desired
parameter outcome [14-17].

A promising approach in CEST imaging would be to apply
an algorithm that has proven its quality for multimodal image
registration. In multimodal image processing, registration
methods are usually built upon statistical similarity measures
instead of using image intensity differences [18]. This ap-
proach was extended by an infinite-dimensional variational
framework with a linear elastic regularization, which had the
main drawback of a limited capture range and slow conver-
gence [19]. These problems could be solved by the use of an
approximation of a continuous flow of diffeomorphism [18].

We used a non-rigid registration method, which has previ-
ously been shown to improve registration results in cardiac
MRI image registration [20]. A non-rigid motion correction
technique was assumed to be beneficial for the intervertebral
discs because IVDs are slightly deformable during motion and
displacement can take place in any direction.

The aim of the present study was to test whether motion
correction by a non-rigid diffeomorphism-based registration
improves gagCEST evaluation in human IVDs.

Materials and methods
Study population

The study was approved by the local ethics committee, and
written informed consent was obtained from all participants.
Twelve healthy volunteers (7 female, 5 male; mean age 25+
5 years; range: 21-32 years) were enrolled in this study.

MR hardware and sequence protocol

Magnetic resonance imaging was performed on a clinical
whole-body 3 T MRI system (Magnetom Trio, A Tim System,
Siemens Healthcare, Erlangen, Germany), equipped with the
spine matrix coil for signal reception. The patient was in a
supine position. The MR protocol acquired consisted of a
localizer, a T2-weighted sequence in sagittal orientation, the
prototype gagCEST sequence in sagittal orientation and the
prototype water saturation shift referencing (WASSR) se-
quence [21] in sagittal orientation.

GagCEST and WASSR images were centred in the middle
of the spine. The positions of the gagCEST and WASSR
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images were identical. The images were obtained using a
segmented 2D RF-spoiled gradient echo sequence with a
CEST pre-saturation module. For gagCEST imaging, the
pre-saturation module consisted of a series of six Gaussian-
shaped radiofrequency pulses with B, amplitude of 1.5 uT
averaged over time (B, continuous wave amplitude equiva-
lent). The duration of each saturation pulse and interpulse
delay was 100 ms. One reference measurement without
presaturation and 25 measurements with presaturation at dif-
ferent frequency offsets Aw from the bulk water resonance
were acquired during the gagCEST measurement. The sam-
pled frequency range was between —Aw . and Aw .y,
where Awp,.x was 4 ppm. The duration of the gagCEST
imaging sequence was 12 min and 24 s.

For WASSR imaging, the pre-saturation module consisted
of one Gaussian-shaped RF pulse with a B; amplitude of 0.3
uT and a pulse duration of 100 ms. Forty-one measurements
with presaturation at different frequency offsets ranging from
—1 ppm to 1 ppm and one reference image without
presaturation were acquired. The duration of the WASSR
imaging sequence was 7 min and 26 s.

In order to supress bowel movement artefacts, the signal of
the abdomen was supressed with a saturation band in CEST
and WASSR data acquisitions in the same position. The
sequence details of the T2-weighted sequence as well as the
gagCEST and WASSR sequence were summarized in Table 1.

Data analysis

The T2-weighted images were scored by a radiologist (CS;
3 years’ experience in musculoskeletal radiology) according
to the Pfirrmann score [22]. Before data analysis, motion
correction was performed for the CEST and WASSR datasets
using a prototype diffeomorphic registration approach [19, 23]

Table 1 Detailed sequence parameters of the T2-weighted imaging in
sagittal orientation (T2w sag), chemical exchange saturation transfer
imaging (CEST) and water saturation shift referencing (WASSR)
sequences

T2w sag CEST WASSR
Repetition time Tr (ms) 3,100 1,590 590
Echo time Tg (ms) 105 3.01 3.01
Spatial resolution (mm x mm) 1.2 x 1.2 1.6 x 1.6 1.6 x 1.6
Slice thickness (mm) 3.0 5.0 5.0
Flip angle (°) 160 12 12
Field of view (mm x mm) 300 x 300 300 x 300 300 x 300
Duration (min:s) 3:39 12:24 7:26
Averages 2 6 6
Basic resolution 256 192 192
Number of slices 15 1 1
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incorporated into the prototype software fMRLung (Siemens
Healthcare, Erlangen, Germany). This registration approach
was initially introduced in order to register multimodal images
using statistical criteria in a variational setting [23]. In the
following, the uncorrected data were denoted as data,. and the
corrected data were denoted as data,.

The CEST evaluation was performed using in-house de-
veloped Matlab software (Mathworks, Natick, MA, USA,
R2012b). For efficiency of data processing, a rectangular
region of interest (ROI) was placed around the lumbar inter-
vertebral discs. Before analysis, a 3%3 Gaussian filter was
applied to each CEST and WASSR image to reduce image
noise. In order to reduce the influence of B0 field heterogene-
ities, a pixel-by-pixel frequency offset was calculated using
the WASSR maximum-symmetry algorithm introduced by
Kim et al. [21]. The calculated frequency shifts were used to
correct the acquired CEST curves. From the corrected CEST
curves, the magnetisation transfer asymmetry ratio (MTR 5ym)
was calculated according to

S(—Aw)=S(Aw)

MTRgm(Aw) = So ,

where S is the signal intensity at the specified frequency shift
difference and S is the signal intensity without presaturation.
Finally, the average MTR 1, in the offset range 1-1.5 ppm,
which comprises resonance frequencies of GAG hydroxyl
protons, was used for the creation of gagCEST maps.

Four ROIs for the four lower lumbar I[VDs were manually
drawn on the reference gagCEST image, which was used for
motion correction. Thereby, the complete visible nucleus
pulposus (NP) and the annulus fibrosus (AF) were covered.
The defined volume was divided automatically into the AF
(anterior and posterior 20 % of the intervertebral space) and
the NP (inner 60 %) according to the method used by Haneder
et al. [1]. The mean, standard deviation and signal-to-noise
ratio (SNR) of the MTR,,, image was calculated for each
region of interest. The ratio between the MTR 5y, values in
AF and NP -M,,i,—as well as the difference in the MTR 5ym
values in AF and NP -My;—were calculated. In total, 48
IVDs were analysed for data, as well as for data,.

The MTR,gym maps on the IVDs were overlaid with the
anatomical images. On these images, a blinded visual grading
analysis was performed by a radiologist (CS; 3 years’ experi-
ence in musculoskeletal radiology). Thereby, the position of
the highest MTR 4, values was investigated. If the highest
MTR,gym values were in the middle of the IVD in all the
investigated IVDs, the score was 1. For each IVD where the
highest MTR 5, values were detected to be at the margin of
the IVD, the score was increased by one. In the following, this
score is denoted as the MTR gy, score. This scoring is based

on the results of Haneder et al., who obtained higher MTR ;5ym
values in NP compared with AF [1].

In addition to the MTR,, analysis, a landmark analysis
was performed. The landmarks were positioned at the superior
anterior, inferior anterior, superior posterior and inferior pos-
terior margins of the IVDs. In order to evaluate displacements,
the distance between the landmarks and the corresponding
reference landmarks were calculated. The mean and maxi-
mum distance over all landmarks d,c., and d,,., were deter-
mined for each volunteer. The percentage of landmarks with
decreased/increased/equal distances (A4, A;, A.) With motion
correction compared with no image registration was
determined.

Statistical analysis

Statistical data analysis was performed using the software
SPSS (version 22; SPSS, Chicago, IL, USA). The mean and
standard deviations were calculated as descriptive statistics.
To quantify statistically significant differences, the Wilcoxon
test was used. p values below 0.05 were considered to be
significant.

A box plot was generated for the MTR ¢, values of NP,
AF and wIVD (whole IVD) with and without motion correc-
tion. Outliers were defined as values with a distance from the
25th percentile or the 75th percentile of more than 1.5 times
and less than 3 times the box height. Outliers with a distance
more than 3 times the box height were defined as extreme
outliers.

Results

Forty-eight lumbar IVDs were scored using the Pfirrmann
score. 24 IVDs had Pfirrmann score 1 and 24 IVDs had
Pfirrmann score 2. With and without motion correction,
MTR,sym values in NP were highest, followed by wIVD.
The lowest MTR gy, values were obtained in AF. These
differences were statistically significant (p<0.001).

The values obtained for MTR ¢y, in NP, AF and wIVD are
listed in Table 2. Significantly higher MTR s, values were
noted in the data with motion correction (p<0.001, Fig. 1).
Only one outlier was detected for the motion-corrected data,
whereas 10 outliers and one extreme outlier were seen for the
data without motion correction. Higher values of NP com-
pared with wIVD and AF were noted.

Significantly higher SNR values were obtained with mo-
tion correction than without motion correction for all regions:
NF, AF and wIVD (p values<0.001, Table 2, Fig. 2). In both
motion-corrected and uncorrected data, the SNR in AF was
lowest followed by the SNR in wIVD. The SNR in the NP
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Table 2 Magnetisation transfer ratio asymmetry (MTR,.,) and signal-
to-noise ratio (SNR) values and their standard deviations AMTR gy, and
ASNR in nucleus pulposus (NP), annulus fibrosus (AF) and whole
intervertebral discs (WIVD) obtained with and without motion correction.
The MTR gy, difference is the mean difference between MTR 4y, values

obtained with and without motion correction, the SNR difference is the
mean difference between the SNR values with and without motion
correction. The p values indicate if the differences are statistically
significant

NP AF wIVD
Without motion Motion Without motion Motion Without motion Motion
correction correction correction correction correction correction
MTRyeym (%) 341 3.77 141 1.84 2.53 2.90
AMTR y5ym (%) 1.54 0.95 1.55 0.99 1.39 0.86
SNR 2.77 3.88 1.06 1.43 1.43 1.86
ASNR 1.55 2.04 0.86 0.89 0.71 0.74
MTR ym difference (%) 0.36+0.94 0.43+1.02 0.37+0.86
p value (MTR gy, difference) 0.001 <0.001 <0.001
SNR difference 1.11+1.26 0.37+£0.47 0.43+0.44
p value (SNR difference) <0.001 <0.001 <0.001

was highest. These differences were statistically significant
(p values<0.001).

M, .i0=—1.60£11.57 was calculated without motion cor-
rection and M,,;, =0.49+0.23 was obtained with motion
correction. The standard deviation over all investigated
IVDs is significantly decreased with motion correction
(p value<0.001). The difference between M,,;, with and
without motion correction was statistically significant (p
value=0.016).

For My;sy, no statistically significant differences were ob-
tained (Mg Without motion correction: 1.99+1.13; Mg;g with
motion correction: 1.92+0.96, p value=0.209). As an illustra-
tive example, in Fig. 3 the MTR 4y, maps in the investigated
IVDs of one volunteer were overlaid onto the anatomical

image. Whereas the slightly reduced MTR 5, values are only
visible after close consideration, the decreased SNR can be
casily observed. In addition, the highest MTR s, values
representing the NP are slightly displaced to the borders of
the IVDs in this patient.

Whereas the maximum MTR ., score for data, was 2, the
maximum MTR,,., score for data,. was 5. The mean
MTR sy score for data, was significantly lower than for
data,. (data;: MTRym, score = 1.3£0.5; data,.: MTR,gym
score = 2.4+1.4, p value=0.02).

The averaged value of dj., over all volunteers was
0.36 mm =+ 0.28 mm without motion correction and
0.08 mm + 0.09 mm with motion correction. This difference
was statistically significant (p value=0.001). No significant

F lg 1 Magnetisation transfer p-value = 0.001 without motion
ratio asymmetry (MTR46ym) = p—value < 0.001 [™ correction
values in nucleus pulposus (NP), | | p-value < 0.001 I_I . motion
annulus fibrosus (AF) and whole - l_] — correction
intervertebral discs (wIVD)
obtained with and without motion _ 2
. L . 5.0 o
correction. Significantly higher
MTRym values were obtained |
with motion correction. In <3 L ]
.. . =) —_—
addition, fewer outliers were = 25 l I
obtained for data, compared with s _J T
data,,. < L]
i—
= l
0.0
o
o
(o]
25 :
[ I |
NP AF wIVD

@ Springer



Skeletal Radiol (2015) 44:505-511 509
Fig. 2 Signal-to-noise ratio without motion
(SNR) values in NP, AF and % correction
wIVD obtained with and without "I motion correction
motion correction. Significantly 12,5+
higher SNR values were obtained
for data, compared with data, 100 p-value < 0.001
)
75
QZC p—value < 0.001
n | | p—value < 0.001
50 = * | I
[ o
- :
25 I i
0.0

difference was obtained for the averaged value of d,ax (dmax
= 3.49 mm *1.53 mm without motion correction; dax
= 2.70 mm #1.17 mm with motion correction, p value=
0.055).

For most landmarks (A, = 79.74 %), the distance to
the reference frame was identical with and without mo-
tion correction. Ay was 18.10 % and A; was 2.16 %, thus
indicating that more landmarks are in better accordance
with the reference frame in the case of image registra-
tion. The difference between A4 and A; was significant
(p value=0.001).

Fig. 3 MTR gy, maps overlaid
with the anatomical images a
without motion correction and b
with motion correction. The
higher SNR obtained with motion
correction is clearly visible. The
signal in the NP is higher than in
the AF with and without motion
correction

NP AF wiVD

Discussion

This is the first study demonstrating the value of motion
correction for gagCEST imaging in the lumbar IVDs. With
image registration, an increased SNR in the MTR 4y, images
was obtained, thus emphasizing the improvement of CEST
analysis with motion correction. The application of motion
correction for gagCEST imaging may enhance the reliability
and accuracy of future studies.

With motion correction higher SNR values of the MTR ¢y,
images were obtained. One possible explanation for these
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increased SNR values is that without motion correction the
signal of vertebral body or tissue may affect the WASSR or
CEST curves of the intervertebral discs owing to motion. This
would affect the correction of field heterogeneities or the
Z-spectrum.

In this study, only a single slice in the middle of the spine
was acquired to keep the acquisition time within a reasonable
range. By decreasing the number of measurements with
presaturation at different frequency offsets or decreasing the
number of averages, the imaging time may be reduced, thus
enabling a 3D acquisition in a clinically acceptable examina-
tion time. The 3D approach has the advantage that motion
correction can be applied in a through-plane and an in-plane
direction. However, decreased image quality may be obtained
because of the reduced number of measurements and signal
averages.

The landmark analysis clearly shows that motion artefacts
are successfully suppressed if image registration is applied.
The blinded visual grading analysis of the MTR ., images
overlaid with the anatomical images substantiates the assump-
tion of improvement of the quality of CEST analysis with the
application of motion correction.

Prior to this study, bowel movement artefacts were shown
to be effectively suppressed by a reduced-field-of-view
(rFOV) method [24]. Higher reproducibility and reliability
were shown with rTFOV compared with acquisition without
the application of tFOV. No motion correction was performed
in the post-processing in order to correct motion artefacts
arising from the motion of the IVDs itself. The range of
MTR,sym values with the rFOV method is consistent with
the values obtained in our study, which may be caused by
the suppression of motion artefacts in both techniques.

In our study, a 3x3 Gaussian filter was applied to each
image of the CEST and WASSR sequence. This filter was
primarily applied to reduce image noise. Since this filter was
not applied in the frequency direction, no effect is expected for
Z-spectrum analysis. Because of the small size of the filter, the
offset map based on the filtered WASSR images is reasonable
because of the locally similar field heterogeneities in each
intervertebral disc.

As in the study by Haneder et al. [1], who investigated the
lumbar IVDs of 16 patients, the MTR ¢y, signal in NP was
higher than in AF for Pfirrmann grades 1 and 2. In contrast to
their study, our study yielded lower MTR,qy, values. In
addition, our study revealed lower standard deviations of
about 1 % in NP compared with 5 % in the study by Haneder
et al. for Pfirrmann grades 1 and 2. There may be several
reasons for the differences obtained for the MTR y4yp, values.
First, Haneder et al. used a different phase error correction
algorithm shifting the minimum of the Z-spectra as deter-
mined by smoothing spline interpolation to 0 ppm [1], where-
as in our study the WASSR method introduced by Kim et al.
was used [21]. Second, the bowel motion was not suppressed
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in the study by Haneder et al., whereas in our study a satura-
tion slab was applied to suppress intestinal peristalsis and
abdominal wall motion. Third, no motion correction was
applied in their study. Without motion correction, the standard
deviation in the NP increased 1.5-fold compared with the
value with motion correction in our study.

A robust contrast between NP and AF was also shown in
the study by Kim et al. [5]. They also obtained higher
MTR,¢ym values compared with our study. In contrast to the
study by Haneder and his coworkers, Kim et al. used the
WASSR maximum symmetry algorithm [5, 21]. In the study
by Kim et al., no rFOV method or suppression of peristaltic
and abdominal motion was applied. The standard deviations
obtained in their study were also higher than in our study, even
though they were lower than the standard deviations obtained
by Haneder et al. These findings may indicate that the appli-
cation of both WASSR and suppression of bowel and abdom-
inal wall motion increase the reliability and applicability of
CEST analysis in lumbar IVDs.

In the study by Melkus et al., it was observed that the
gagCEST effect is dependent on both the concentration of
GAG and pH values [25]. In chondroitin sulphate phantom
measurements they showed a dependence of MTRyr, On the
pH value. Highest MTR ,,,, values were obtained at pH = 7.0
to 7.2, whereas lower and higher pH values showed decreased
MTR ;4ym values. The pH of the IVDs in our study as well as in
the studies by Haneder et al. and Kim et al. was not deter-
mined. Future studies should be performed to determine the
dependence of MTR s and pH in the human IVD. For this
purpose, CEST imaging using the contrast agent iopamidol
could be used, which was recently shown to be applicable
in vivo [26, 27].

Recently, gagCEST imaging was performed in the knee
[12, 28, 29]. Future studies need to be performed in order to
investigate whether motion correction using the
diffeomorphism algorithm [23] improves CEST analysis in
the cartilage of the knee too.

The GAG content of ex vivo IVDs measured by CEST
imaging has been reported to correlate with the fixed
charged density (FCD) [30]. In addition, a dependence
of CEST imaging on GAG and sodium imaging was noted
[30]. An in vivo comparison of cartilage quality using
gagCEST and sodium imaging was recently performed
by Schmitt et al. in human knee cartilage on a 7-T MRI
system [12]. Future studies could be performed comparing
CEST imaging and sodium imaging in vivo in human
IVDs at 3 T.

This study shows an improvement in gagCEST evaluation
in the IVDs after proper compensation for subject motion
during image acquisition. In future, this technique could be
applied in order to improve knowledge of disc degeneration.
This may complement the information obtained about disc
degeneration with T2 relaxation time measurements [31].
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Our study has limitations. The small number of 12 volun-
teers leading to 48 investigated [VDs and the absence of
cartilage biopsy are drawbacks. The latter was not performed
because of ethical considerations. In addition, no patients with
LBP or with IVD degeneration were included, where even
higher degrees of movement due to pain and discomfort may
be expected.

In summary, our findings indicate that gagCEST evaluation
in human lumbar IVDs can be significantly improved using
motion correction. The improvement due to motion correction
is reflected by an increased SNR of CEST images and a
smaller scattering of the MTR ¢y, values.
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Purpose: To optimize By-field inhomogeneity correction for chemical exchange saturation transfer (CEST)
imaging by investigating different water saturation shift referencing (WASSR) Z-spectrum shapes and
different frequency correction techniques.

Methods: WASSR Z-spectra were simulated for different B;-fields and pulse durations (PD). Two parameter
settings were used for further simulations and experiments (WASSR1: B; = 0.1 uT, PD = 50 ms; WASSR2:
B; = 0.3 uT, PD = 40 ms). Four frequency correction techniques were investigated: 1) MinW: Minimum
of the spline-interpolated WASSR-spectrum; 2) MSCF: maximum symmetry center frequency algorithm;
3) PMSCEF: further development of MSCF algorithm; 4) BFit: fit with Bloch equations. Performance of
frequency correction was assessed with Monte-Carlo simulations and in-vivo MR examinations in the brain
and intervertebral disks.

Results: Different shapes of WASSR-Z-spectra were obtained by changing B; and PD including spectra with
one (1-Peak) or two (2-Peak) minima. WASSR1 resulted in 1-Peak WASSR-spectrum, whereas WASSR2
resulted in 2-Peak WASSR-spectrum. Both Monte-Carlo simulations and in-vivo MR examinations revealed
highest accuracy of field-inhomogeneity correction with WASSR1 combined with PMSCF or BFit.
Conclusion: Using a WASSR sequence, which results in a Z-spectrum with a single absorption peak, in
combination with advanced postprocessing algorithms enables improved By-field inhomogeneity
correction for CEST imaging.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Biochemical imaging using chemical exchange saturation transfer
(CEST) contrast is highly sensitive to magnetic field inhomogeneities
[1,2]. These field inhomogeneities can shift the center of the
Z-spectrum [2] and cause false results of CEST analysis.

Different methods to correct field inhomogeneities have been
introduced. These methods include field maps, field inhomogeneity
corrections using the minimum of either the Z-spectrum itself or of a
fitted Z-spectrum (e.g. Lorentzian-shape fit, cubic spline fit or
polynomial fit), and the maximum symmetry center frequency
algorithm applied to a separately acquired water saturation shift
referencing (WASSR) sequence [1,3-10]. WASSR has demonstrated

* Corresponding author at: University Dusseldorf, Department of Diagnostic and
Interventional Radiology, Moorenstr. 5, D-40225 Diisseldorf, Germany.
E-mail address: Christoph.Schleich@med.uni-duesseldorf.de (C. Schleich).

http://dx.doi.org/10.1016/j.mri.2016.03.013
0730-725X/© 2016 Elsevier Inc. All rights reserved.

the ability to be easily incorporated into CEST protocols along with
robust performance across a variety of CEST applications [1,11-14].

A well-known phenomenon of CEST Z-spectra is that they can
have different shapes including single or multiple minima due to
different amount of direct water saturation (DWS) in dependence on
pulse irradiation properties and different relaxation times [15-17].
The CEST effect depends on the field strength of the main magnetic
field. Although the CEST effect is higher at high B, fields (7 T or
higher), CEST measurements at lower field strengths have success-
fully detected exchangeable protons such as amide protons, amine
protons and hydroxyl protons [12,18,19]. If human subjects are
involved, measurements are usually realized at clinical MR systems.
These clinical MR systems often have specific absorption rate (SAR)
and hardware limitations and therefore pulsed CEST is used [17,20].
For WASSR data acquisition, it is not necessary to apply a pulsed
acquisition scheme, since small B;-fields and short durations of the
radiofrequency irradiation keep SAR and hardware requirements in
a feasible range. However, CEST imaging at clinical MR systems



772 A. Miiller-Lutz et al. / Magnetic Resonance Imaging 34 (2016) 771-778

requires higher B;-fields and therefore pulsed CEST acquisition has
to be considered.

In this study, we aim to optimize the WASSR sequence and
analysis software for an improved By inhomogeneity correction on a
clinical 3 T MRI system.

2. Materials and methods

Simulations and data analysis were performed using MATLAB
(MathWorks, Natick, MA, R2012b).

2.1. Field inhomogeneity correction techniques

Four different field correction techniques were applied to the
WASSR [1] data in our study:

i. The frequency offset was determined according to the
minimum of the spline-interpolated WASSR data (MinW).

ii. The frequency offset was calculated with the MSCF-algorithm
introduced by Kim et al. [1] (MSCF)

iii. A self-developed, enhanced version of the MSCF-algorithm
was used: periodic MSCF-algorithm (PMSCF). Compared with
the regular MSCF algorithm introduced by Kim et al. [1] the
PMSCF algorithm includes all WASSR data to calculate the
offset frequency. We aim to improve the accuracy of the
algorithm by this method. Using the primary introduced
WASSR algorithm, problems will occur including data at the
boundaries. To avoid this problems, we extended the data
according to
Z(w; + P) = Z(w;) | P = 0j=n + ©j=1 + 0; 00 = 041 -
; for all i
Thereby, Z(®) is the normalized signal intensity at the offset
frequency o.

iv. The frequency offset was determined using a Bloch-fit (BFit).
We fit the determined WASSR data using the method
“nonlinear bisquare”. As fit model we used solution of
the Bloch equations for our pulse sequence. We used the
solution algorithm of Bloch equations as introduced by
Murase et al. [21].

2.2. Numerical simulations

For all numerical simulations a magnetic field strength of 3 T was
assumed. WASSR-spectra were calculated by solving the time course
of spin magnetization using the Bloch equations [21,22]. Relaxation
parameters for simulations were chosen representative of gray
matter as T; = 1331 ms and T, = 110 ms [23].

WASSR-curves were simulated with B; = 0.1 uT and By = 0.3 uT
with varying pulse durations (PD) in the range of 0 ms to 50 ms with
a step size of 1 ms. We used one Gaussian-shaped pulse for the
simulation. The shape of the WASSR-curves were analyzed regarding
the number of minima.

Two WASSR-curves with different shapes were used for further
simulations: a) PD = 50 ms, B; = 0.1 uT (WASSR1); b) PD =
40 ms, By = 0.3 uT (WASSR2). Z-spectra for these WASSR simula-
tions were simulated in arange of — 1.0 ppm to 1.0 ppm with a step
size of 0.05 ppm.

To verify the accuracy of the above mentioned field inhomoge-
neity correction algorithms, ngm,wassg = 10,000 noisy frequency
shifted WASSR-spectra were created by Monte-Carlo simulations.
WASSR spectra with normally distributed offset (0o = 0.1 ppm)
were calculated. Rician noise according to ref.?* 2> was added with
oy = 0.025, oy = 0.05 and oy = 0.1.

2.3. Accuracy of frequency correction

The frequency shift of each Monte-Carlo-simulated WASSR-spec-
trum was determined by the four techniques MinW, MSCF, PMSCF
and BFit for WASSR1 and WASSR2. The residual error A (difference
between calculated and original simulated frequency shift) was
determined. Descriptive analysis of the residual error A was
performed for both presaturation modules and for each frequency
correction algorithm, respectively. Statistical analysis was performed
using the Wilcoxon signed rank test. P-values below 0.05 were
considered to be significant.

2.4. MR measurements

Two volunteers underwent MRI to show the transferability of our
theoretically obtained results to in vivo measurements. The study
was approved by the local ethics committee, and written informed
consent was obtained from both volunteers. The examinations were
performed on a clinical whole-body 3 T MR system (Magnetom Trio,
A Tim System, Siemens Healthcare, Erlangen, Germany).

The first volunteer underwent an MRI examination of the brain.
Signal reception was performed with a 12-channel birdcage head
coil. The MR protocol (protocol 1) included a localizer, a CEST
sequence for APT-CEST imaging, two WASSR data acquisitions with
different B;-amplitudes of the Gaussian-shaped presaturation pulse
and, to differentiate white matter (WM) and gray matter (GM), a
quantitative T,-sequence. Single-slice turbo gradient echo imaging
was used as host sequence for CEST and WASSR data acquisitions.
Details of theses sequences are listed in Table 1. Parameters of the
quantitative T, sequence were: FOV = 230 x 230 mm?, basic
resolution =192 x 192, slice thickness = 6 mm, TE = [9.1, 18.2,
27.3, 364, 45.5, 54.6, 63.7, 72.8, 81.9, 91.0] ms, TR = 800 ms, flip
angle =180°, number of signal averages =2, GRAPPA acceleration
factor = 2.

The second volunteer underwent an MRI examination of lumbar
intervertebral disks. Signal reception was performed with a spine
matrix coil. The MR protocol (protocol 2) included a localizer,
gagCEST imaging and two WASSR data acquisitions with different
B;-amplitudes of the presaturation module (Table 1).

In both examinations (brain and intervertebral disks), no
shimming was performed between the CEST and both WASSR
sequences, thus leading to the same center frequency of CEST and
WASSR sequences.

For each acquired WASSR data, the four previously introduced
algorithms (MinW, MSCF, PMSCF and BFit) were applied to obtain an
offset map. These offset maps were further used to correct the
acquired CEST spectra. MTR,sym maps were determined based on the
corrected CEST spectra. Thereby, MTR,qy,m, was evaluated in a range
of 3.25 ppm to 3.75 ppm for APT-CEST imaging corresponding to the
resonance frequency range of amide protons (resonance frequency
at3.5 ppm [26,27]) and in arange of 0.9 ppm to 1.1 ppm for gagCEST
imaging corresponding to the resonance frequency range of
hydroxyl protons (resonance frequency at 1 ppm [7]). MTRasym
was calculated according to

MTRqgym (wpoo,, A(o) — mean (MTRasym (a)i))

A® A®
U)iE wpool_ 7 ’ wpool + 7

where ®po01 is the pool position (1 ppm for gagCEST imaging and
3.5 ppm for APT-CEST imaging) and Aw is the frequency range
(0.2 ppm for gagCEST imaging and 0.5 ppm for APT-CEST imaging).
We used a sample step size of h = ®;;1-©; = 0.01 ppm.
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Table 1

MR parameters of the in-vivo APT-CEST and in-vivo gagCEST measurements and their corresponding WASSR sequences.

APT-CEST (brain)

WASSRT1 (brain)

WASSR2 (brain)  gagCEST (IVD) WASSR1 (IVD)  WASSR2 (IVD)

Acquisition duration [min:sec] 5:53 2:19 2:16 11:13 3:18 3:13

Host Sequence Parameters

Basic Resolution 192 x 192 192 x 192 192 x 192 192 x 192 192 x 192 192 x 192
Field of View [mm x mm)] 230 x 230 230 x 230 230 x 230 300 x 300 300 x 300 300 x 300
Slice thickness [mm] 6 6 6 5 5 5

k-space lines per shot 34 34 34 64 64 64

TE/TR [ms/ms] 3.03/1400 3.03/550 3.03/540 3.93/1650 3.93/392 3.93/382
Flip angle [°] 12 12 12 12 12 12
Number of Signal Averages 2 2 2 2 2 2
Presaturation Pulse Train Parameters

Number of measured frequency offsets 41 41 41 33 41 41
Frequency range [ppm] —50-5.0 —10-1.0 —-10-1.0 —48-48 —-10-1.0 1.0-1.0
B;-continous wave amplitude equivalent (B;-CWAE) [uT] 1.5 0.1 0.3 0.7 0.1 0.3
Number of presaturation pulses 5 1 1 7 1 1
Pulse-shape Gaussian Gaussian Gaussian Gaussian Gaussian Gaussian
Pulse duration [ms] 100 50 40 100 50 40
Interpulse delay [ms] 100 No No 100 No No

MTR,sym values were determined in GM and WM of the brain and
in the nucleus pulposus (NP) and annulus fibrosus (AF) in all five
lumbar intervertebral disks.

To determine the quality of the obtained MTR,sym maps with the
two different WASSR sequences and the four offset correction
techniques, respectively, the standard deviation was determined for
regions of interest (ROI). The standard deviation was chosen as a
measure of homogeneity since similar MTR,sym values would be
expected in each selected ROI.

For brain MRI, 20 regions of interests were automatically
delineated by an in-house developed MATLAB script in each GM
and WM. To draw ROIs, seed points were selected randomly in GM
and WM. Afterwards, region growing was performed until the ROI
reached a pixel number of 25.

For MRI of the lumbar intervertebral disks, each disk was
automatically segmented into NP and AF as described by Schleich
and co-workers [28]. For further analysis, each NP and each AF was
split into left and right parts.

Descriptive analysis of the standard deviation of the MTRasym
values (averaged over all ROIs) was performed. Data were tested for

/S

0.8
0.6
0.4

0.2

0.02

PD [S] 0.04
0.06 1

offset [ppm]

normal distribution using the Kolmogorov-Smirnov-test. Wilcoxon
(for non-normally distributed data) or the paired Student's t-test
(for normally distributed data) was applied. P-values below 0.05
were considered significant.

3. Results
3.1. Numerical Simulations

The simulation showed different shapes of WASSR curves
for different By-amplitudes and pulse durations. For the low
B;-amplitude of 0.1 pT only a single minimum was found in
WASSR spectra, whereas for a B;-amplitude of 0.3 pT either a single
minimum or two minima were found depended on the PD. Two
minima were more pronounced for higher pulse durations (Fig. 1).

The WASSR sequence with PD = 50 ms, B; = 0.1 uT (WASSR1)
resulted in a WASSR-spectrum with one minimum, whereas the
WASSR sequence with PD = 40 ms and B; = 0.3 puT (WASSR2)
resulted in a WASSR-spectrum with two minima. These WASSR-
curves were utilized for further Monte-Carlo simulations.

0.06 1 offset [ppm]

Fig. 1. WASSR curves with B; amplitude of 0.1 T (left) and 0.3 pT (right) with different pulse durations (PD).
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Table 2

Descriptive analysis of the residual error A for 1-peak and 2-peak WASSR spectra.

A. Miiller-Lutz et al. / Magnetic Resonance Imaging 34 (2016) 771-778

sequence algorithm o Mean Median standard Minimum Maximum

[ppm] [ppm]  deviation [ppm] [ppm]
[ppm]
WASSR1  MinW 0.025 0.014 0.013 0.010 <0.001 0.055
0.050 0.019 0.016 0.014 <0.001 0.075
0.100 0.026 0.022 0.019 <0.001 0.118
MSCF 0.025 0.002 0.002 0.002 <0.001 0.012
0.050 0.005 0.004 0.003 <0.001 0.032
0.100 0.011 0.009 0.012 <0.001 0.316
PMSCF 0.025 0.002 0.002  0.002 <0.001 0.011
0.050 0.004 0.004 0.003 <0.001 0.024
0.100 0.011 0.009 0.008 <0.001 0.068
BFit 0.025 0.002 0.002  0.002 <0.001 0.024
0.050 0.004 0.003 0.003 <0.001 0.037
0.100 0.009 0.007 0.007 <0.001 0.077
WASSR2  MinW 0.025 0.137 0.137 0.007 0.121 0.156
0.050 0.137 0.137 0.008 0.099 0.159
0.100 0.135 0.136 0.013 0.089 0.183
MSCF 0.025 0.002 0.001  0.002 <0.001 0.016
0.050 0.003 0.002 0.003 <0.001 0.029
0.100 0.006 0.004 0.008 <0.001 0.158
PMSCF 0.025 0.001 0.001 0.001 <0.001 0.005
0.050 0.002 0.002 0.002 <0.001 0.009
0.100 0.004 0.004 0.003 <0.001 0.025
BFit 0.025 0.001 0.001  0.001 <0.001 0.013
0.050 0.002 0.001  0.002 <0.001 0.044
0.100 0.005 0.004 0.006 <0.001 0.109
NO MinW  MSCF
a)

3.2. Accuracy of frequency correction

Kolmogorov-Smirnov-test revealed a non-normal distribution of
the data. Therefore, the Wilcoxon test was applied in order to
analyze significances.

Descriptive analysis of the determined residual error A of the
Monte-Carlo-simulated WASSR-spectra with the four algorithms MinW,
MSCF, PMSCF and BFit (Table 2) revealed significant higher residual
errors A for 2-Peak WASSR spectra compared to 1-Peak WASSR spectra
for the same noise level. Investigating all noise levels, the method MinW
resulted in highest residual errors A (1-Peak WASSR: 0.020 + 0.016;
2-Peak WASSR: 0.137 + 0.010). Smaller residual errors A were obtained
with the methods MSCF, PMSCF and BFit. BFit resulted in lower A values
(1-Peak WASSR: 0.005 ppm +£ 0.005 ppm; 2-Peak WASSR:
0.003 ppm = 0.004 ppm), followed by PMSCF (1-Peak WASSR:
0.006 ppm = 0.006 ppm; 2-Peak WASSR: 0.002 ppm 4 0.002 ppm)
and MSCF (1-Peak WASSR: 0.006 ppm + 0.008 ppm; 2-Peak WASSR:
0.003 ppm = 0.005 ppm). The residual errors A found for the different
algorithms were significantly different from each other.

3.3. MR measurements

CEST and two WASSR sequences were successfully acquired
in the brain and in lumbar intervertebral disks. Offset maps

PMSCF 0.2

BFit

0.1

0
-0.1

-0.2

!
i
i
:

MTRasym [%]

Fig. 2. Offset [ppm] (a,c) and MTR,sym [%] (b,d) maps obtained in the brain of one volunteer without offset correction (NO) and with the four offset correction techniques MinW, MSCF, PMSCF
and BFit. Thereby, aand b are based on the WASSR1 sequence, whereas c and d are based on WASSR2 sequence. Similar results in both, offset maps and MTRsym, maps were obtained with MSCF,
PMSCF and BFit. The results obtained without correction and with the correction method MinW applied to 2-Peak WASSR Z-spectra showed large deviations compared to the other techniques.
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Fig. 3. Offset [ppm] (a,c) and MTR,sym [%] (b,d) maps obtained in lumbar intervertebral disks of one volunteer without offset correction (NO) and with the four offset correction
techniques MinW, MSCF, PMSCF and BFit. Thereby, a and b are based on the WASSR1 sequence, whereas c and d are based on the WASSR2 sequence. Similar results in both offset
maps and MTR,sym maps were obtained with MSCF, PMSCF and BFit. The results obtained without correction and with the correction method MinW applied to 2-Peak WASSR

Z-spectra showed large deviations compared to the other techniques.

were successfully determined without any correction and with
the four offset correction techniques MinW, MSCF, PMSCF and BFit
(Figs. 2, 3). After calculation of CEST and MTRgym, curves (Supple-
mentary Material S1), MTR,sym maps were determined (Figs. 2, 3).
The offset map obtained with WASSR2 combined with an offset
analysis using the MinW algorithm illustrated high differences from
the offset maps obtained with the algorithms MSCF, PMSCF and BFit
and from the offset map obtained with WASSR1. Offset maps
obtained with WASSR1 and the MinW algorithm were more similar
to the results obtained by the algorithms MSCF, PMSCF and BFit with
the same presaturation pulse parameters, but the offsets were less

Table 3

continuously distributed. Visually, MTR,sym, maps obtained with
WASSR1 and WASSR2 were similar for the algorithms MSCF, PMSCF
and BFit in both in-vivo measurements (Figs. 2, 3).

CEST analysis showed higher MTR,sym values in GM compared to
WM and higher MTR sy, values in NP compared to AF (Table 3).

In both, GM and NP, WASSR1 resulted in a WASSR spectrum with
a single minimum (1-Peak WASSR), whereas WASSR2 resulted in a
spectrum with two minima (2-Peak WASSR) (Fig. 4).

Kolmogorov-Smirnov analysis revealed normal distribution of
AMTR,sym values for each region and all investigated offset
correction techniques combined with either WASSR1 or WASSR2.

Mean and standard deviation of MTR,sy values over all pixels in GM, WM, NP and AF.

MTRasym (GM) [%] MTR sym (WM) [%] MTRasym (NP) [%] MTR sym (AF) [%]

1-Peak, MinW 1.124 + 1.581 0.941 + 0.727 4.875 + 2.201 2.898 + 3.074
1-Peak, MSCF 1.069 + 1.598 0.882 + 0.688 4.635 = 1.714 2.859 + 2.383
1-Peak, PMSCF 1.071 + 1.598 0.882 + 0.687 4.645 + 1.716 2936 + 2.372
1-Peak, BFit 1.097 + 0.808 0.890 + 0.592 4.769 + 1.755 2.875 + 2.420
2-Peak, MinW 1.013 + 2.602 0.849 + 1.458 4.861 + 8.530 —0.001 + 6.844
2-Peak, MSCF 1.032 + 1.631 0.839 + 0.695 3.394 + 1.759 1.335 + 2511
2-Peak, PMSCF 1.036 + 1.632 0.844 + 0.695 3.670 + 1.808 1.581 + 2499
2-Peak, BFit 1.072 + 0.817 0.863 + 0.603 4.152 + 1.789 1.959 + 2.531
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Fig. 4. WASSR spectra obtained in gray matter GM (a) and in nucleus pulposus NP (b) with different WASSR parameters. Similar to the results obtained in the simulations, B; =
0.1 T and PD = 50 ms resulted in a 1-Peak WASSR spectrum in both GM and NP, whereas B; = 0.3 uT and PD = 40 ms resulted in a double-Peak (2-Peak) WASSR spectrum. The

double-Peak was less pronounced in the NP compared to the GM.

Therefore, Student's t-test was applied for further analysis of
statistical significance.

Descriptive analysis of the standard deviation obtained for the
regions of interest is provided in Table 4.

Descriptive and statistical analysis demonstrated significant
higher AMTR,syrm values for regions of interest in NP and AF for
the WASSR2 sequence compared to the WASSR1 sequence when
MinW was applied as offset correction method (Tables 4, 5). No
significant differences were found for AMTR,sym values between
WASSR1 and WASSR2 when using PMSCF and BFit, respectively
(Tables 4, 5). (See Table 6).

For both sequences WASSR1 and WASSR2, MinW resulted in
higher AMTR,sym values compared to AMTR,sm values obtained

Table 4

with MSCF, PMSCF or BFit except for WASSR2 in WM (Table 4). These
differences were significant. No significant differences were found
between AMTR gy, values obtained with the algorithms PMSCF and
BFit except for WASSR1 in NP, where lower AMTR sy, values were
obtained with PMSCF compared to BFit. No significant difference of
AMTR,sym values were obtained between the algorithm MSCF and
PMSCF and MSCF and BFit (Tables 4, 6).

4. Discussion
In this study we determined the influence of different shapes

of WASSR spectra for the assessment of field inhomogeneities in
CEST MRI. Furthermore we compared four different techniques to

Standard deviation of MTR,sym [%] calculated for the ROIs using the 1-Peak or 2-Peak WASSR sequence in GM, WM, NP and AF.

Mean [%] Median [%] Standard deviation [%] Minimum [%] Maximum [%] Mean [%] Median [%] Standard deviation [%] Minimum [%] Maximum [%]

GM, 1-Peak
MinW  1.189 1.208 0.444 0.165 1.987
MSCF  1.141 1.234 0.442 0.1505 2.043
PMSCF 1.142 1.273 0.444 0.107 2.046
BFit 1.147 1.239 0.443 0.115 2.060
WM, 1-Peak
MinW  1.068 1.034 0.398 0.457 1.971
MSCF  0.993 1.007 0.341 0.432 1.772
PMSCF 0.991 1.006 0.340 0.444 1.770
BFit 0.995 1.003 0.339 0.444 1.776
NP, 1-Peak
MinW  1.925 1.874 0.854 0.673 3.007
MSCF  1.267 1.205 0.499 0.672 2.033
PMSCF 1.262 1.258 0.508 0.651 2.014
BFit 1.328 1.320 0.545 0.659 2.138
AF, 1-Peak
MinW  2.557 2.767 0.892 1.268 3.895
MSCF  1.738 1.582 0.686 0.861 3.074
PMSCF 1.799 1.571 0.743 0.889 3.187

BFit 1.794 1.558 0.707 1.007 3.212

GM, 2-Peak

1.159 1.230 0.900 —0.527 2.728
1.108 1.200 0.471 —0.004 2.051
1.113 1.197 0472 —0.002 2.072
1.120 1.205 0.464 0.033 2.067
WM, 2-Peak

0.940 0.980 0.957 —0.444 2.618
0.967 0.981 0.341 0.341 1.706
0.973 0.986 0.343 0.342 1.720
0.993 1.006 0.342 0.365 1.755
NP, 2-Peak

7.135 7.369 3.057 0.496 11.528
1.252 1.222 0.392 0.560 1.926
1.318 1.286 0.426 0.534 2.004
1.291 1.221 0.465 0.589 2.110
AF, 2-Peak

6.549 6.819 1.489 4.230 8.256
1.859 1.642 0.782 1.128 3.236
1.894 1.771 0.797 1.099 3.280
1.953 1.678 0.821 1.137 3.487
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Table 5
P-values between AMTR sy, obtained with the 1-Peak and 2-Peak WASSR sequences
for each offset correction technique.

GM WM NP AF
Pminw (1-Peak, 2-Peak) <0.001 <0.001 <0.001 <0.001
Pwscr (1-Peak, 2-Peak) 0431 0.012 0.869 <0.001
Prwmscr (1-Peak, 2-Peak) 0.565 0.130 0.523 0.176
Perit (1-Peak, 2-Peak) 0.826 0.456 0.693 0.035

acquire offset maps and evaluated these offset maps using
simulations and measured MRI data of the human brain and
intervertebral lumbar disks. These four techniques are the frequently
used algorithms MinW and MSCF [1,5,29,30], the self-developed
refinement of the MSCF algorithm (PMSCF) algorithm and the
processing-time-intensive algorithm BFit, which fits the Bloch
equations to the WASSR spectra to determine the frequency offset.
Results with low residual error in the simulations and low AMTR,sym
values in the in-vivo measurements were found for WASSR spectra
with only one minimum (1-Peak WASSR) and for the algorithms
PMSCF and BFit. It should be noted, that the low residual error with
the algorithm BFit during the simulation might in part be due to the
generation of the curves with Bloch equations overlaid by noise.

In our study we obtained higher MTR,sym values in GM compared
to WM and higher MTRqyy, values in NP compared to AF. These
results are consistent with previous findings [5,12,31,32].

Our in vivo results were in good agreement with the findings from
our simulation study. The results found in both studies illustrate the
necessity to consider both, the WASSR pulse sequence and an
appropriate postprocessing method for frequency offset correction.
The applicability of a 1-Peak WASSR sequence combined with PMSCF
or BFit in a large number of volunteers or patients in different body
regions and for different CEST contrast agents was beyond the scope of
this article, but should be addressed in future studies.

In our study, we applied different offset correction techniques to
the brain and to intervertebral disks. The brain served as an example
for a region with weak field inhomogeneities, whereas the human
lumbar intervertebral disks served as an example for a region with
strong field inhomogeneities. In the brain, we used APT-CEST
imaging at an offset frequency of 3.5 ppm, whereas in the lumbar
intervertebral disks we investigated gagCEST imaging at an offset
frequency of 1 ppm. GagCEST imaging is very sensitive to magnetic
field inhomogeneities due to the small offset frequency of the
hydroxyl protons to water [7]. In both regions, we could show a
high performance of the offset frequency algorithms MSCF, PMSCF
and BFit.

Our study was performed at a field strength of 3 T. We expect to
obtain different WASSR pulse shapes in dependence on B; field

Table 6
P-values between AMTR,sym obtained with different offset correction techniques
(MinW, MSCF, PMSCF and BFit) obtained with 1-Peak or 2-Peak WASSR sequences.

GM WM NP AF
P;1.peax (MinW, MSCF) 0.019 0.008 0.009 0.008
P1.peax (MinW, PMSCF) 0.022 0.007 0.006 0.015
P1.pear (MinW, BFit) 0.022 0.005 0.008 0.006
P1.peax (MSCF, PMSCF) 0.502 0.224 0.789 0.176
P;.peax (MSCF, BFit) 0.569 0.180 0.098 0.183
P;1.pear (PMSCE, BFit) 0.753 0.474 0.019 0.922
P3.peax (MinW, MSCF) <0.001 <0.001 <0.001 <0.001
P;.peax (MinW, PMSCF) <0.001 <0.001 <0.001 <0.001
Py.pear (MinW, BFit) <0.001 <0.001 <0.001 <0.001
P,.peax (MSCF, PMSCF) 0.758 0.619 0.018 0.305
P,.peax (MSCF, BFit) 0.807 0.166 0416 0.085
P,.peax (PMSCE, BFit) 0935 0.196 0.516 0.263

strength and pulse duration at other field strengths such as 1.5 T or
7 T. At higher field strengths, the width of the WASSR peak will
decrease according to the Bloch equations.

In the past, different pulse shapes have been used to acquire CEST
data including rectangular [33], gaussian-shaped [17,34], sinc-
shaped [35] or Fermi pulses [36,37]. Performing experiments with
other pulse shapes will require finding optimal parameters for the
respective pulse shapes in order to obtain a 1-Peak WASSR
Z-spectrum.

The shape of the WASSR-Z-spectra depends on different
parameters such as longitudinal and transversal relaxation time as
well as the irradiation flip angle (Supplementary Material S2). In
order to obtain only one minimum of the WASSR-Z-spectrum, an
irradiation flip angle less than 90° is desirable. Ideally, the B; field
strength and irradiation duration should be optimized for the
expected relaxation times. It should be borne in mind that in real
data acquisition the preset B; value might not be identical with the
B; value in a specific voxel. Systematic deviations of the B; value as
well as a distribution around this systematically changed B, value are
expected. Application of a preset irradiation flip angle of 90° might
therefore result in little lower or higher flip angles, which might
change the WASSR-Z-spectrum shape.

One limitation in the present study is that we do not evaluate the
signal to noise ratio for specific anatomic locations in the brain. The
signal to noise ratio might be used as quantity to assess the
applicability of each method in relevant anatomic regions. However,
in our study we measured only one slice position in one volunteer.
For statistical analysis of relevant anatomic regions, 3D data sets of
more volunteers would be necessary.

One question might be if the improved offset correction
techniques are always necessary in order to quantify the CEST effect
with high accuracy. Our results indicate that a simple determination
of the minimum of the spline-interpolated WASSR spectrum might
be sufficient in case of high frequency offsets and low field
inhomogeneities (WM, APT-CEST). With higher frequency offsets
of the CEST-visible protons - which is the case in PARACEST agents
[11] - field inhomogeneity correction might become less important.
However, several endogenous CEST-visible protons resonate very
close to water. Substances most prone to field inhomogeneity
artifacts are for example glycogen and glycosaminoglycans [1,12].
For these substances an appropriate field inhomogeneity correction
is essential.

5. Conclusion

An improvement of field inhomogeneity correction on a
voxel-by-voxel basis is feasible using an optimized WASSR sequence
which results in a Z-spectrum with only one minimum. In the
brain and the intervertebral disks, lowest standard deviation of
MTR,sym can be achieved using the algorithms MSCF, PMSCF or
BFit to determine the offset frequency of water. For optimal
offset correction, a determination of the minimum of the spline-
interpolated Z-spectrum results in a lower performance compared to
the offset correction techniques MSCF, PMSCF and BFit. Out of the
four investigated techniques, PMSCF and BFit led to the highest
accuracy of offset correction in both, simulations and in-vivo. An
appropriate WASSR sequence with a single WASSR Z-spectrum
minimum in combination with either PMSCF or BFit offset correction
technique should be chosen for CEST imaging.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.mri.2016.03.013.
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Abstract

Purpose The study compares glycosaminoglycan chemical exchange saturation transfer (gagCEST) imaging of intervertebral
discs corrected for solely B, inhomogeneities or both B, and B, inhomogeneities.

Methods Lumbar intervertebral discs of 20 volunteers were examined with 7,-weighted and gagCEST imaging. Field
inhomogeneity correction was performed with B, correction only and with correction of both B, and B,. GagCEST effects
measured by the asymmetric magnetization transfer ratio (MTR,,,,) and signal-to-noise ratio (SNR) were compared between

both methods.
Results Significant higher MTR

asym

and SNR values were obtained in the nucleus pulposus using B, and B, correction

compared with Bj-corrected gagCEST. The GagCEST effect was significantly different in the nucleus pulposus compared

with the annulus fibrosus for both methods.

Conclusion The B, and B, field inhomogeneity correction method leads to an improved quality of gagCEST imaging in

IVDs compared with only B, correction.

Keywords Chemical exchange saturation transfer - Field inhomogeneity correction - WASSR - WASABI -

Glycosaminoglycans - Intervertebral disks

Introduction

Magnetic resonance (MR) glycosaminoglycan chemical
exchange saturation transfer (gagCEST) imaging is a valu-
able method to assess the content of glycosaminoglycans [1,
2], which are one of the main matrix contents of hyaline and
fibrous cartilage [2, 3].

Recent studies reported a relation between the gagCEST
effect and intervertebral disc IVD) degeneration, decreased
IVD hydration and decreased height of the discs [4-7].

The gagCEST effect can be influenced by artefacts from
motion or field inhomogeneity [8, 9]. Up to now, different
methods have been applied to correct B field inhomogeneity
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including frequency shift correction of the CEST curve
before gagCEST analysis, the water saturation shift referenc-
ing (WASSR) field inhomogeneity correction algorithm or
gradient echo methods using different echo times [5, 10, 11].

Recently, the new water saturation and B, correction
(WASABI) method has been introduced by Schuenke et al.
[12]. The WASABI method enables the assessment of both
B, and B, field inhomogeneities [12]. Instead of a Gauss-
ian-shaped presaturation pulse with low B, field strength—
which is used in the WASSR technique—the WASABI
method uses a short rectangular radiofrequency pulses with
a high B, field strength resulting in a Z spectrum with several
oscillations. In this WASABI Z spectrum, information about
By, is encoded in the shift of the symmetry axis, whereas
information about the radiofrequency (RF) amplitude B, is
encoded in the periodicity of the oscillations [12]. WASABI
has been applied in investigations of the head at a magnetic
field strength of 7 T [12], but might also be of relevance for
CEST applications in other regions and at clinically avail-
able magnetic field strengths.
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In our study we use the WASABI method to verify
whether considering both B, and B, correction improves
image quality compared with B, correction only for
gagCEST imaging in IVDs. Correction of both B, and B,
field inhomogeneities with the WASABI method is com-
pared with correction of solely B field inhomogeneities with
the WASSR technique, which has already been shown to
be applicable for gagCEST imaging [8]. We chose IVDs
to evaluate field inhomogeneity corrected gagCEST imag-
ing because of the IVD thickness and discoid shape. IVDs
can be divided into two parts: the nucleus pulposus (NP),
representing the core of the disc, and the annulus fibrosus
(AF), which is the outer ring of the disc [2]. NP and AF
have different content compositions including proteogly-
cans (PG) to which GAG is attached and thus show a dif-
ferent amount of gagCEST effect [2]. Therefore, we sought
to investigate whether NP can be differentiated from AF
because of the gagCEST effect obtained by both methods.
We further compared the amount of gagCEST effect and
signal-to-noise ratio (SNR) of the gagCEST effect between
both methods and hypothesized that WASABI will lead to
an increased SNR because of correction of both B, and B,
inhomogeneities.

Materials and methods
Study population

This prospective study was approved by the local eth-
ics committee. Twenty volunteers without any history of
lower back pain or previous spine surgery (12 females, 8
males, 29 +9 years, 21-57 years) were included. Written
informed consent was obtained prior to examination from
all volunteers.

MR measurements

All MR measurements were performed of lumbar IVDs
using a whole-body MRI system with static magnetic field
strength of 3 T (Magnetom Trio, Siemens Healthcare, Erlan-
gen, Germany) and a spine matrix coil for signal reception.
The sequence protocol consisted of sagittal and transver-
sal T,-weighted imaging [13], T, mapping [13], 7| map-
ping, WASSR and WASABI sequences, and three CEST
sequences with different B, field strengths for imaging of
GAG.

For quantitative 7|, mapping, a 3D fast low-angle
shot sequence was applied with two different flip angles
(o;=5° and @, =26°). Sequence parameters of the 7| map-
ping sequence were: field of view, 300 x 300 mm?; voxel
size, 1.6 X 1.6 X 2.5 mm?; basic resolution, 192 x 192; rep-
etition time, 15 ms; echo time, 1.29 ms.

@ Springer

WASSR, WASABI and CEST sequences were performed
with a single-shot gradient echo sequence with field of view
300 x 300 mm?; voxel size 2.3 X 2.3 X 5 mm°; basic resolu-
tion, 128 x 128; flip angle, 10°; repetition time, 10 ms; echo
time, 3.64 ms.

Before imaging, a saturation module was applied at differ-
ent frequency offsets to obtain the Z spectrum. For WASSR,
the saturation module consisted of a single Gaussian-shaped
RF pulse with B;=0.1 pT and pulse duration PD =58 ms.
The WASSR-Z spectrum was acquired in a frequency range
from — 1 to 1 ppm using 41 frequency offsets. The WAS-
ABI-Z spectrum was obtained using 49 frequency offsets in
a frequency range from — 2.4 to 2.4 ppm with one rectangu-
lar-shaped RF pulse (B; =4 pT and PD=5 ms) for the pre-
saturation module. Three CEST sequences with different B,
field strengths of 0.5, 1.0 and 1.5 pT were applied using ten
spin-lock pulses with PD =100 ms and a duty cycle of 50%.
CEST Z spectra were acquired with 33 frequency offsets in
arange from — 4.8 to 4.8 ppm.

For each WASSR, WASABI and CEST sequence, a refer-
ence scan was acquired at a frequency offset of — 300 ppm.

Total acquisition time of all imaging sequences was
34 min.

Data analysis

The degree of morphological degeneration was classified
using the Pfirrmann scoring system [14]. Only discs without
degeneration (Pfirrmann grades one and two) and without
protrusion or herniation were analysed.

The T, map was determined for the two middle slices
of the 3D 7, mapping FLASH sequence using the formula

TR

T] (X, }’) = R R

In sin (al) cos (a2)—F(x,y) sin (a2) cos(a 1)) )

sin (a1)—F(x,y) sin(a2)

where

S, (x,
Fx,y) = 20

SaZ ()C, y)

S,1(x, y) and S ,(x, y) are the signal intensities of the images
obtained with the two different flip angles a; and a,. The
final 7, map was built by averaging the 7| maps of the two
investigated slices.

Before analysis of WASABI, WASSR and CEST data,
Gaussian filtering with a 3 X 3 matrix was applied to
each image of each sequence. Frequency correction with
WASSR is described in detail elsewhere [11]. WASABI B,
and B; maps were obtained as described in the manuscript
of Schuenke et al. [12]. Z spectra were shifted pixel-wise
according to the obtained frequency offset maps with WAS-
ABI or WASSR. For WASABI, an additional B, correction



Magnetic Resonance Materials in Physics, Biology and Medicine (2018) 31:645-651 647

was performed according to Windschuh et al. [15] using
the B, inhomogeneity corrected Z spectra with B, =0.5 uT,
B,=1.0 pT and B, =1.5 pT. The final asymmetry analysis
was performed for Z spectra at B; =1.0 pT. MTR,y,,, maps
were calculated by averaging the asymmetry effect in the
offset frequency range of GAG resonances (0.9-1.9 ppm)
[1,4].

Outliers were removed from statistical analysis. There-
fore, pixels were excluded from further analysis if MTR
was outside the range:

25th percentile(MTRasym) - 1.5(75%
percentile(MTRasym) —-25% percentile(MTRaSym)) <MTRa-
sym < 75th  percentile(MTR ) + 1.5(75%
percentile(MTR ) — 25% percentile(MTR ).

Total IVDs were omitted from further analysis if more
than half of the pixels of the corresponding IVD were
excluded.

After automatic segmentation of NP and AF [16], mean
MTR iy, SNRIMTR ), T, and B, values were deter-
mined for these regions. Thereby, SNR(MTRy,,) is defined
asym) divided by the standard deviation of

as mean(MTR
MTR,,,, in the investigated region.

asym

asym

Statistical analysis

Statistical analysis was performed using MATLAB (Math-
Works, Natick, MA, R2015a).

The number of discs without degeneration and without
protrusion or herniation was determined.

MTR,, SNR, 7' and T), values obtained in NP and AF
were tested for normal distribution using the Kolmogorov-
Smirnov test. Descriptive analysis was performed providing
the mean, standard deviation, median, minimum and maxi-
mum of the investigated parameter. The Wilcoxon test was
used to compare MTR,,,, and SNR values obtained with
WASSR and WASABI as well as differences between NP
and AF.

Spearman correlation analysis was performed to reveal

whether gagCEST correlated with 7| and T, values.

Results

All MRI examinations were performed successfully. Eighty-
four discs were classified as non-degenerative (Pfirrmann
grade one or two) without degeneration or herniation. Six
further discs were excluded because of erroneous data (out-
liers in MTR,, values in more than half of the pixels).
Therefore, 78 discs remained for further data analysis.
Figure 1 displays offset (Aw) and relative B, (rB;) maps
as well as the difference of Aw maps obtained with B, cor-
rection only (Byc) and B, and B, correction (Byc and Bc)
exemplary for two volunteers. Similar Aw maps were

obtained with WASSR and WASABI (difference of Aw with
WASSR and WASABI: 0.007 ppm + 0.028 ppm).

The mean relative B, value in the IVDs was below one
(IVD: rB;=0.78 +£0.07), thus indicating reduced radiofre-
quency reception in this region.

Descriptive analysis of MTR,,,, SNR, T, and 7, val-
ues is presented in Table 1. Table 2 provides evaluation of
statistically significant differences in the NP and AF of the
MTR,,,,, and SNR obtained with B¢ or Bc and Bc.

MTR (NP, Boc and Bjc), MTR, (NP, Bc),
MTR i, (AF, Byc and B;c) and MTR . (AF, B\c) were non-
normally distributed. Figures 2 and 3 show the MTR,,, val-
ues in NP and AF of two exemplary selected volunteers. In
NP, significantly higher MTR,, values were obtained with
Bc and B|c compared with solely Byc (p=0.019), whereas
in AF statistical analysis revealed an equal distribution.
With B¢ and Bc significantly higher MTR,,,, values were
observed in NP compared with AF (Byc and B,c: p=0.004).
Nevertheless, a large irregular variability of MTR,,,, was
observed, which was more pronounced in AF compared with
NP (see Figs. 2 and 3).

Figure 2 and 3 show lower gagCEST values in one of the
two selected volunteers with the WASSR technique (a, c)
(NP: p=0.048, AF: p=0.008), but not with the WASABI
technique (b, d) (NP: p=0.234, AF: p=0.170).

SNR (MTR gy, NP, Bjc and Bc), SNR (MTR 5,
Byc), SNR (MTR s AF, Byc and B;c) and SNR (MTR 5y,
AF, Bc) were non-normally distributed. Significantly higher
SNR was obtained in both NP and AF with Byc and B¢
compared with Byc (NP: p=0.002; AF: p=0.012). With
both methods, SNR was significantly higher in NP compared
with AF (Byc and Bc: p<0.001; Byc: p<0.001).

T, and T, values were not normally distributed. A sig-
nificant correlation between T, and MTR,,, was only
obtained with WASSR in NP but not in AF (NP: p=0.019;
AF: p=0.239). Using WASABI, no correlation between 7T}
and MTR,,,, was observed (NP: p=0.678; AF: p=0.980).

There was a significant correlation between 7, and
MTRy,, wWith WASABI (NP: p=0.036; WASABI, AF:
p=0.047) but not with WASSR (NP: p=0.167; AF:
p=0.776).

NP,

Discussion

We demonstrated the application of B, and B, field inhomo-
geneity correction using the WASABI correction method
for gagCEST imaging of IVDs. WASABI-corrected evalu-
ation led to a higher gagCEST effect and an increased SNR
compared with gagCEST imaging using WASSR-based B,
correction only.

Our results regarding the increased SNR indicate that
gagCEST imaging can be improved by using both B and B,
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Fig. 1 Aw maps obtained with Byc, Byc and B,c; absolute difference of these Aw maps and relative the B; map are shown exemplarily for two

volunteers

correction. We used the SNR as a quality feature since simi-
lar glycosaminoglycan content can be expected for regions
with similar composition. Due to alterations as a conse-
quence of cartilage degeneration or destruction, this assump-
tion might be queried. Therefore, our study population was
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restricted to healthy volunteers without previously known
cartilage diseases.

MTRy,, maps and SNR analysis revealed a high vari-
ability of MTR,,, especially in AF. This might have several

reasons: In our study, we used a 3-T MRI system to analyse
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Table 1 Descriptive analysis

Mean Sd Median Min Max

of MTR,, ., SNR, T, T, and

relative B, field B, for both MTR (NP, Byc and By c) [%] 1.99 2.41 2.50 532 7.22

Zﬁﬁﬁﬁz g‘élr%‘;i‘f(%? and MTR,,,,(AF, Byc and B,c) [%] 1.14 2.06 1.24 —4.14 475
MTR (NP, Byc) [%] 1.45 2.05 1.51 -3.01 7.02
MTR ., (AF, Byc) [%] 0.90 1.74 0.95 -2.52 5.52
SNR(MTR .., NP, Boc and B c) 3.22 2.10 2.82 0.06 9.52
SNR(MTR ., AF, Byc and B, c) 1.19 0.86 0.97 0.02 3.47
SNR(MTR y, NP, Byc) 2.42 2.18 1.85 0.02 13.23
SNR(MTR y,, AF, Byc) 0.82 0.61 0.71 0.02 2.79
T,(NP) [ms] 134.13 37.50 139.62 57.25 211.69
T,(AF) [ms] 88.83 27.45 85.50 8.19 181.89
T,(NP) [ms] 1306.45 317.29 1291.28 683.45 2146.38
T,(AF) [ms] 930.23 326.57 863.74 517.74 2826.47
rB,(NP) 0.79 0.07 0.78 0.64 1.02
rB,(AF) 0.77 0.07 0.76 0.62 1.00

rB, multiplied by the transmitted B, field of the RF presaturation during CEST experiments represents the
effective B, field of the RF presaturation pulses

Table 2 Evaluation of statistical significances of MTR,,,, and SNR
p value [MTR,,, Boc and B c, NP), MTR . (Byc, NP)] 0.019
p value [MTR,,,(Byc and B,c, AF), MTR,,,(Byc, AF)] 0.192
p value [MTR,,(Byc and B,c, NP), MTR,,,(Byc and B,c, 0.004
AF)]
p value [MTR,,.(Byc, NP), MTR . (Byc, AF)] 0.055
p value [SNR(Bc and B,c, NP), SNR(Bc, NP)] 0.002
p value [SNR(Bc and B,c, AF), SNR(Bc, AF)] 0.012
p value [SNR(Byc and B,c, NP), SNR(B(c and B|c, AF)] <0.001
p value [SNR(Bc, NP), SNR(Byc, AF)] <0.001

gagCEST. Nevertheless, the gagCEST effect at 3 T is very
low, and less glycosaminoglycan content is expected in AF
compared with NP. In addition, AF is more prone to artefacts
due to field inhomogeneities and partial volume artefacts
because of its proximity to vertebral bodies. We assume that
the high variability of MTRy, in AF probably arises from
technical constraints rather than from large physiological
variations of the glycosaminoglycan content.

With increasing B; amplitude, an enhanced but broad-
ened CEST effect is expected. Therefore, higher gagCEST
values obtained by WASABI-corrected gagCEST compared
with WASSR-corrected gagCEST might be explained by the
observation of reduced B, values compared with the trans-
mitted B; amplitude in IVDs. Additional B, field inhomo-
geneity correction increases the SNR and gagCEST effect;
however, the measurement time is prolonged since the per-
formance of B, field inhomogeneity correction depends on
a high number of CEST measurements [15]. The duration
of the WASABI sequence used in this article is approxi-
mately equal to the duration of the WASSR sequence (WAS-
ABI: 3 min 34 s, WASSR: 3 min 2 s). Windschuh et al.

[15] reported a different method to assess B field inhomo-
geneities using one additional single-shot gradient echo
sequence with an acquisition time of 10 s to create a flip
angle map. An alternative approach to perform both B, and
B, field inhomogeneity correction is therefore to combine
the WASSR B, field inhomogeneity correction with a cor-
rection of B, field inhomogeneity using a flip angle map.

Sixteen discs were excluded because of degeneration and
protrusion or herniation to concentrate on technical aspects.

Six further discs were excluded from our study because of
an unrealistically low or high CEST effect. The reason might
be large B, or B, field inhomogeneities, which might worsen
the WASSR or WASABI technique or make the applied spin-
lock gagCEST imaging method inapplicable.

B- and B;-corrected gagCEST data show higher CEST
values in NP compared with AF. Higher gagCEST values in
NP compared with AF were also reported in the literature
[8, 9] and are expected because of the larger amount of PG
in NP compared with AF [2]. Thus, the increased gagCEST
effect in NP compared with AF substantiates the applicabil-
ity of WASABI correction to gagCEST imaging.

A correlation between T, values and gagCEST values was
obtained with B\ and B, field inhomogeneity correction but
not with B, correction only. Previously, a relation between
T, values and disc degeneration was reported [17]. There-
fore, our findings might be a hint for increased sensibility to
detect degeneration using both B\ and B, correction.

In this work, we confirmed our hypothesis of an
improvement of gagCEST imaging using correction of
both B, and B, field inhomogeneities with the WASABI
correction method at a main magnetic field strength of
3 T in NP, which enables the application of this tech-
nique to clinical MR systems. In AF, the variability of the
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Fig.2 MTR,,, maps in NP
obtained with B, correction
only (a, ¢) and with B, and B,
correction (b, d) of two exem-
plary selected volunteers

Fig.3 MTR,,, maps in AF
obtained with B, correction
only (a, ¢) and with B, and B,
correction (b, d) of two exem-
plary selected volunteers

O - N W b

IVITRasym [%]

O - N W b

IVITRasym [%]

gagCEST effect is high, thus indicating technical limita-  inhomogeneities [12, 18]. Therefore, field inhomogeneity
tions of the gagCEST effect. At higher field strengths, the  correction is more important, and the WASABI correction
CEST effect increases but is also more prone to B, and B,
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method may help to improve gagCEST imaging at higher
field strengths.

Conclusions

An improved quality of gagCEST imaging in IVDs can be
achieved using both B and B, field inhomogeneity correc-
tion. Compared with simple B, correction, B, and B, cor-
rection yielded an increased SNR and increased relation to
T, values. Future studies in patients have to be performed
to verify whether B, and B, correction leads to improved
diagnostics with biochemical cartilage imaging.
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Comparison of Glycosaminoglycan Chemical Exchange
Saturation Transfer Using Gaussian-Shaped and
Off-Resonant Spin-Lock Radiofrequency Pulses in

Intervertebral Disks

Anja Miiller-Lutz," Tom Cronenberg," Christoph Schleich,'* Frithjof Wickrath,"
Moritz Zaiss,” Johannes Boos," and Hans-Jorg Wittsack'

Purpose: To investigate, if a train of spin-lock pulses (chemi-
cal exchange saturation transfer with spin-lock pulses =CESL)
improves biochemical glycosaminoglycan imaging compared
with conventional chemical exchange saturation transfer with
Gaussian-shaped pulses (CEST) in lumbar intervertebral discs.
Methods: T,, CEST, and CESL imaging was performed in lum-
bar intervertebral discs of 15 healthy volunteers at 3 Tesla.
Mean and standard deviation of the asymmetric magnetization
transfer ratio (MTRasym), the asymmetric spin-lock ratio (SLR,-
sym) and T, values were calculated for nucleus pulposus (NP)
and annulus fibrosus (AF). Wilcoxon test was used to analyze
differences between MTRasym and SLR.sym. Pearson correla-
tion was used to determine the relationship between MTR,sym,
SLRasym and To.

Results: Data showed no significant difference between
MTR.sym and SLRqym (NP: P=0.35; AF: P=0.34). MTRasym
and SLR,sym values differed significantly between NP and AF
(MTRasym: P=0.014, SLRsym: P=0.005). T, values correlated
significantly with  MTRzsym (NP: p=0.76, P<0.001; AF:
p=0.60, P <0.001) and SLRasym (NP: p=0.73, P <0.001; AF:
p=0.47, P <0.001).

Conclusion: CESL does not improve the chemical exchange
asymmetry effect compared with conventional CEST, but leads
to comparable results. Magn Reson Med 78:280-284, 2017.
© 2016 International Society for Magnetic Resonance in
Medicine

Key words: chemical exchange saturation transfer; spin-lock;
glycosaminoglycans; intervertebral disks

INTRODUCTION

Glycosaminoglycans (GAG) is a major component of
intervertebral discs (IVDs) (1). The amount of GAG con-
tent correlates with disc degeneration making the bio-
chemical imaging of GAG desirable (2). Conventional
chemical exchange saturation transfer with Gaussian-
shaped radiofrequency (RF) pulses (CEST), a biochemical
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MR imaging technique, has been shown to be sensitive
to the amount of hydroxyl protons of GAG molecules (3).
At clinical MR systems, pulsed CEST presaturation
has to be applied due to hardware limitations and spe-
cific absorption rate (SAR) limits (4). The most common
pulsed CEST presaturation scheme is comprised by
Gaussian-shaped RF pulses (4) and has been used for
biochemical imaging of GAG in several studies (5-8).
One major difficulty of gagCEST imaging at 3 Tesla (T) is
the small CEST effect at 3T. Therefore, an effective and
reliable presaturation scheme is especially important.

Recently, spin-lock pulses have been introduced for
pulsed chemical exchange MR imaging (9,10). Subse-
quently, this approach is denoted as CESL (Chemical
Exchange saturation transfer imaging using the spin-lock
technique). The spin-lock saturation block is comprised of
three RF pulses (10,11): The first RF pulse flips the magne-
tization away from the direction of the main magnetic field
to the effective field at a specific frequency offset. The sec-
ond RF pulse is a rectangular pulse, during which the
chemical exchange saturation transfer process takes place.
The third RF pulse flips the magnetization back to the
direction of the main magnetic field.

Pulsed CESL has some advantages over pulsed CEST:
Spin-lock presaturation is known to provide a higher signal-
to-noise ratio by restoring magnetization along the axis of
the effective field (9,12). The direct water saturation (DWS)
is broader in the Z-Spectrum using CEST compared with
CESL (12). In addition, the saturation efficiency increases
with CESL compared with CEST (10). Therefore, we aim to
investigate the performance of CESL for biochemical imag-
ing of GAG. We hypothesize that CESL leads to an increased
chemical exchange asymmetry effect compared with CEST.

METHODS
Study Population

Fifteen healthy volunteers without lower back pain and
without any history of back problems (9 females, 6
males; 29 = 10 years; range, 19-58 years) were enrolled
in this prospective study. The study was approved by
the local ethics committee and written informed consent
was received from all volunteers.

MR Measurements

MR imaging of lumbar IVDs was performed on a 3T
whole-body MRI system (Magnetom Trio, A Tim System,
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Table 1
Sequence Parameter of Qualitative and Quantitative T, Imaging.
To-weighted To-weighted
imaging (sagittal) imaging (transversal) T, mapping
Sequence type Turbo spin echo Turbo spin echo Spin echo
Turbo factor 31 18 No
FOV [mm?] 300 x 300 240 x 240 300 x 300
Voxel size [mm?] 1.2x1.2 0.8x0.6 1.6x1.6
Slice thickness [mm] 3.0 3.0 5.0
Number of slices 15 27 1
Basic resolution 256 x 256 384 x 307 192 x 192
Flip angle [°] 160 140 180
TE [ms] 105.0 113.0 9.1, 18.2, 27.3, 36.4, 45.5,
54.6, 63.7, 72.8, 81.9, 91.0
Repetition time [ms] 3100.0 4510.0 800.0
Acquisition duration [min:s] 3:39 5:13 4:23

Siemens Healthcare, Erlangen, Germany) using a spine
matrix coil. Patients were scanned in supine position.
After a localizer, images for T, weighting and T, quanti-
fication were acquired (Table 1). GAG biochemical imag-
ing sequences were acquired in sagittal direction. Three
sequences were performed for biochemical imaging of
GAG: CEST, CESL and a water saturation shift referenc-
ing (WASSR) sequence, which enables field inhomogene-
ity correction.

Each CEST, CESL, and WASSR sequence consisted of
a presaturation module and an imaging module. Imaging
was performed in a single slice using a single-shot gradi-
ent echo sequence with following parameters: field of
view (FOV)=300 x 300mm?, voxel size=2.3 x 2.3 mm?,
slice thickness=5.0mm, basic resolution=128 x 128,
flip angle=10°, echo time (TE)=3.64 ms and repetition
time =10.0 ms. The presaturation module of CEST and
CESL was comprised of 10 Gaussian or spin-lock pulses
with a pulse duration of 100 ms, a mean B, amplitude of
1.6 T and a duty cycle of 50%. The entire Z-spectrum
was acquired with 33 frequency offsets in intervals of
0.3 ppm from -4.8 to 4.8 ppm. In addition, one reference
scan with a frequency offset of -300 ppm was acquired
for CEST-spectrum and CESL-spectrum normalization.
The WASSR presaturation module consisted of one sin-
gle Gaussian-shaped RF pulse with a pulse duration of
100 ms and a mean B, amplitude of 0.2 pT. The entire
WASSR-spectrum was acquired with 41 frequency off-
sets in intervals of 0.05 ppm from -1.0 to 1.0 ppm. One
reference scan at -300 ppm was acquired for WASSR-
spectrum normalization.

Data Analysis

Pfirrmann analysis (13) was performed to analyze the
degree of degeneration. Pfirrmann grades 1 and 2
describe nondegenerative IVDs with clear distinction of
nucleus pulposus (NP) and annulus fibrosus (AF),
whereas Pfirrmann grades 3, 4, and 5 describe degenera-
tive IVDs with unclear or visually undetectable delinea-
tion between NP and AF. T, values of IVDs were
determined by an exponential fit to the signal of the
quantitative T, imaging sequence at different ETs.gagC-
EST analysis was performed as follows: Field inhomoge-
neity correction was applied by shifting the Z-spectrum

data by the shift determined pixel-wise using the maxi-
mum symmetry center frequency (MSCF) approach on
the WASSR data (14). For CEST, the asymmetric magne-
tization transfer ratio (MTRgsym) curve and for CESL, the
asymmetric spin-lock ratio (SLR,sym) curve were deter-
mined using the difference in the normalized signal
intensities at the label frequencies Aw and —Aw of the
CEST-spectrum or CESL-spectrum. MTRsy, and SLR,gym
maps were determined by calculating the average value
of MTR,sym Or SLR,sym curves in the irradiation frequen-
cy offset range from 0.9 — 1.9 ppm for each pixel. NP and
AF were segmented automatically using in-house devel-
oped MATLAB software based on Bayes classification
(7). MTRyeym and SLR,em values were determined for
AF and NP in all lumbar discs, respectively.

Statistical Analysis

MATLAB (MathWorks, Natick, MA, R2015a) was used
for statistical analysis. Descriptive statistics including
mean and standard deviation of MTR,sym, SLRasym, and
T, values for NP and AF were calculated. Data are given
as mean * standard deviation. Median and ranges are
provided. P-values below 0.05 were considered to be sig-
nificant. The Kolmogorov-Smirnov test was used to test
for normal distribution of MTRysym, SLR4sym, and T, val-
ues in our collective as well as for each Pfirrmann score
separately. The Wilcoxon test was used to compare
MTR,sym and SLR,sym values between NP and AF for the
whole collective as well as for different Pfirrmann
scores. Kruskal-Wallis analysis was performed to assess
a dependence of MTR,sym and SLR.sm values on Pfirr-
mann score. Spearman correlation was performed to
investigate if MTR,syr, and SLRggyy, depend on T,-values
for both all data and for different Pfirrmann scores.

RESULTS

Two volunteers had to be excluded from further analysis
due to motion during MRI acquisitions. The remaining
13 volunteers successfully underwent the MRI examina-
tion. MTR,gym and SLR,s, maps of one volunteer are
exemplarily presented in Figure 1. Visually, both maps
are similar and show a higher degree of asymmetry in
NP compared with AF. For all but MTR,sym and SLR,sym
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FIG. 1. MTRasym [%] (left) and SLRasym [%] (right) maps overlaid with anatomical imaging in lumbar intervertebral discs of one volunteer.
Higher MTR,sym and SLR.sym values were obtained in NP compared with AF.

calculated for Pfirrmann score four, Kolmogorov-
Smirnov test revealed a nonnormal distribution of MTR,.
sym» SLRagym and T, values. Therefore, the Wilcoxon test
was performed to compare MTRgsym and SLRygym.
Descriptive analysis of MTR,sym and SLR,sym is provided
in Table 2. There was no significant difference between
MTRusym and SLR,sym in both NP and AF (NP: P=0.35;
AF: P=0.34) over the whole collective. The analysis for
each Pfirrmann score revealed a significant difference
between the asymmetry effect obtained with MTRgym,
and SLR,gym for Pfirrmann score 3 in NP only (P <0.01).

CEST and CESL asymmetry maps are provided for two
exemplarily selected volunteers with a degenerative disc
adjacent to a nondegenerative disc (Fig. 2). Both volun-
teers show an apparent increase of asymmetry effect for
CESL compared with CEST in degenerative discs, where-
as in the nondegenerative disc, this effect is only detect-
able in one of both volunteers. There was a significant
difference for both MTR,sym and SLR,qm between NP
and AF, with a higher level of significance for SLRsym
(MTRusym: P=0.014, SLRueym: P=0.005). MTRysym and
T, (NP: p=0.76, P<0.001; AF: p=0.60, P<0.001) as
well as SLR,sym and T, correlated significantly in both
NP and AF (NP: p=0.73, P<0.001; AF: p=0.47,
P<0.001) over the whole collective. Considering all
Pfirrmann scores separately, a significant correlation to
T, was only obtained for Pfirrmann score 2 with both
SLR,eym (NP: p=0.70, P<0.001; AF: p=0.42, P=0.002)

and MTRgym in NP and AF (NP: p=0.64, P<0.001; AF:
p=0.53, P<0.001) and for Pfirrmann score 1 with SLR,.
sym in NP (p=0.69, P=0.035).

Eight of 65 IVDs were classified as Pfirrmann score 1
(approximately 12.3%), 45 discs as Pfirrmann score 2
(approximately 69.2%), 9 discs as Pfirrmann score 3 (approxi-
mately 13.8%) and 3 as Pfirrmann score 4 (4.6%). MTR,sym
and SLR,m, decreased with increasing Pfirrmann scores
(Table 3). The Kruskal-Wallis analysis revealed significant
differences in MTR,eym values between Pfirrmann scores for
both NP and AF (NP: P<0.001; AF: P<0.004). For SLR,gm
the Kruskal-Wallis analysis revealed significant differences in
NP only (NP: P=0.010; AF: P=0.104).

DISCUSSION

In this study, we demonstrated that both MTR,sm, and
SLR,sym analysis can be used to study the GAG content
of IVDs at 3T and lead to comparable results. Both tech-
niques showed significant differences between NP and
AF, with a higher level of significance for SLRysym. This
difference between NP and AF is caused by a higher
GAG concentration and higher T1 values in NP com-
pared with AF and has been previously reported by dif-
ferent research groups (2,3,5,6,15).

For hydroxyl proton exchange, an increased saturation
effect is expected for CESL compared with CEST (10).
We hypothesized a significant increase in the chemical

Table 2
Descriptive Analysis of MTRagym, SLRasym, and T, Values in NP and AF.
Mean Median o Minimum Maximum

MTRasym(NP) [%] 4.19 3.86 2.63 —0.89 9.47
MTRasym(AF) [%] 3.03 3.14 2.03 —-1.37 7.85
SLR.sym(NP) [%] 4.56 4.32 2.75 —3.69 11.14
SLRasym(AF) [%] 3.38 2.97 2.35 —-1.95 10.46
T, (NP) [ms] 129.44 127.05 50.32 48.23 247.50
T, (AF) [ms] 89.34 85.32 25.93 41.61 154.59
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FIG. 2. MTRasym [%] and SLRasym [%] maps overlaid with anatom-
ical imaging in lumbar intervertebral discs of two volunteer with a
degenerative disc adjacent to a nondegenerative disc. Degenera-
tive discs are indicated by white arrows. Upper row: Intervertebral
discs L2/L3 (Pfirrmann score 4) and L3/L4 (Pfirrmann score 2) of
the first selected volunteer. Lower row: Intervertebral discs L1/L.2
(Pfirrmann score 3) and L2/L3 (Pfirrmann score 2) of the second
volunteer.

exchange dependent asymmetry effect measured with
CESL compared with CEST. In our study, there was no
significant difference between these two techniques over
the whole collective, whereas a significant difference
was obtained for discs with Pfirrmann score 3. For prac-
tical applications, B, and B; inhomogeneity might lead
to an imperfect SL presaturation scheme and reduce the
sensitivity gain of CESL over CEST (10). Therefore, we
expect that further optimization of By and B; inhomoge-
neity correction might be necessary to reveal a sensitivity
gain of CESL over CEST. Furthermore, adiabatic spin-
lock approaches might overcome the limitations of field
inhomogeneities (16). In our study, we performed
higher-order manual shimming. However, the investigat-
ed FOV included several materials including IVDs and
vertebral bodies, which may have led to By and B, inho-
mogeneities and possibly influenced our results.
MTRysym and SLR,sym showed T,-dependency. In the
present study, this was observed by quantitative analysis
comparing asymmetry values directly with T, as well as
with a semi-quantitative analysis using the Pfirrmann
scoring system. For MTR,sym, a T,-shine-through effect
was suggested previously (17-19). The strength of T,-
shine-through effect on MTRysym and SLRy, might be
investigated in future studies, both theoretically and
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experimentally. Additionally, it would be desirable to
correlate histologically determined GAG content from
cartilage samples to chemical exchange asymmetry anal-
ysis. Gathering of histological specimens to correlate
GAG content of IVDs with biochemical imaging was not
performed in this study due to ethical considerations.

In our study, SLRygym and MTR,sym were determined
with the same saturation power of the CE presaturation
module to produce optimal similarity of conditions.
SLR,sym Was reported to be less sensitive to DWS com-
pared with MTR,sym (10). Hence, further optimization
with higher saturation power and shorter irradiation
duration might improve the CESL sequence.

One limitation of our study was the long acquisition
time of approximately half an hour leading to motion
during MR acquisitions in two volunteers. In addition,
the long acquisition time impedes data acquisition of
orthopedic patients. Methods to reduce the protocol
duration are the acquisition of either the CEST or the
CESL sequence, a reduced number of acquired frequency
offsets during the WASSR sequence, or the application
of parallel imaging techniques like GRAPPA or SENSE
(20,21).

One difficulty of the present study is the limited sensi-
tivity of 3T MR for the assessment of GAG content
resulting in a low CEST or CESL contrast (22). To
enhance this sensitivity, MR systems with higher mag-
netic fields are favorable (23). However, high-field MR
systems are not used in clinical routine.

CONCLUSIONS

In summary, CESL was shown to be applicable for bio-
chemical GAG imaging in vivo, however, no sensitivity
gain compared with CEST was observed. CESL shows an
increased significant difference between NP and AF.
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Abstract

Objective The objective of this study was to show the
feasibility to perform Iopamidol-based pH imaging via
clinical 3T magnetic resonance imaging (MRI) using
chemical exchange saturation transfer (CEST) imaging
with pulse train presaturation.

Materials and methods The pulse train presaturation
scheme of a CEST sequence was investigated for Iopami-
dol-based pH measurements using a 3T magnetic reso-
nance (MR) scanner. The CEST sequence was applied to
eight tubes filled with 100-mM Iopamidol solutions with
pH values ranging from 5.6 to 7.0. Calibration curves for
pH quantification were determined. The dependence of pH
values on the concentration of Iopamidol was investigated.
An in vivo measurement was performed in one patient who
had undergone a previous contrast-enhanced computed
tomography (CT) scan with Topamidol. The pH values of
urine measured with CEST MRI and with a pH meter were
compared.

The concepts and information presented in this paper are based
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Results In the measured pH range, pH imaging using
CEST imaging with pulse train presaturation was possible.
Dependence between the pH value and the concentration of
Iopamidol was not observed. In the in vivo investigation,
the pH values in the human bladder measured by the
Iopamidol CEST sequence and in urine were consistent.
Conclusion Our study shows the feasibility of using
CEST imaging with Iopamidol for quantitative pH map-
ping in vitro and in vivo on a 3T MR scanner.

Keywords Chemical exchange saturation transfer
(CEST) - pH quantification - Iopamidol - pH-responsive
contrast agent - Magnetic resonance imaging (MRI)

Introduction

Alteration in pH values can be observed in different
pathologies, such as in cancer or renal diseases [1-9]. For
example, the anaerobic glycolysis in cancer cells results in
an acidic pH in cancer tissue [1-3], which might result in
an increased resistance to radio- and chemotherapies [3, 4].
Tissue pH can be determined noninvasively in vivo using
several magnetic resonance (MR) techniques such as MR
spectroscopy (MRS) and magnetic resonance spectroscopic
imaging (MRSI) [7, 10-23], MRI with T1-shortening
contrast agents [3, 24-27], or with the pH-dependent
chemical exchange saturation transfer (CEST) effect [6,
28-33].

pH measurements with MRS and MRSI are based on
differences in chemical shifts between pH-dependent and
pH-independent resonances [34]. Different methods of
MRS and MRSI have been used including *'P and '°F
spectroscopy [7, 10—18], 'H spectroscopic imaging [19—
211, and the use of hyperpolarized '*C bicarbonate [22, 23].
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While these techniques have been applied successfully in
several studies for pH imaging, their main disadvantage is
their limited spatial resolution.

MR relaxometry represents another approach for pH-
imaging and is based on the injection of Gd-based pH-
sensitive contrast agents [25, 26]. Since the pH contrast
agents are both pH-dependent and concentration-depen-
dent, Raghunand et al. [3] have introduced a two-phase
injection method with two contrast agents, one being pH
sensitive and the other one pH insensitive for pH quanti-
fication. The main disadvantages of Gd-based approaches
are that at least two contrast agents have to be injected in
order to obtain concentration-independent pH determina-
tion and the need to perform calibration measurements
in vivo. Furthermore, Martinez et al. [35] observed that a
reliable pH quantification in the core of the tumor is not
possible with this method.

A promising approach for tissue pH quantification is the
use of pH-sensitive chemical exchange-dependent satura-
tion transfer (CEST) imaging. CEST describes the indirect
saturation of bulk water due to chemical exchange with
labile protons, which are previously saturated by an on-
resonance irradiation pulse [36]. In general, CEST contrast
depends on several factors such as tissue pH, concentration
of labile protons, and temperature. One method enabling
pH quantification with CEST is the pHWI technique, which
exploits the dependence of the APT-CEST effect on the
proton exchange constant, which itself depends on the pH
value [31-33]. In order to perform concentration-inde-
pendent CEST measurements, ratiometric methods using
the CEST effect of two labile proton groups have been
introduced [6, 30, 37, 38], showing that in vivo pH quan-
tification is possible in animals at high field strengths (7T)
using a continuous wave saturation pulse [6, 9].

However, continuous-wave (CW) saturation pulses
cannot be used on clinical MR scanners mainly due to
technical and hardware constraints. Therefore, a pulse train
presaturation scheme was introduced for CEST imaging at
clinical MR systems [39, 40]. The use of a pulse train
presaturation scheme has the additional benefit compared
with the CW CEST method of a reduced specific absorp-
tion rate over the whole CEST presaturation module. This
approach combined with a pH-sensitive CEST contrast
agent might therefore be used for pH measurements on
clinical MR scanners.

One potential CEST contrast agent enabling ratiometric
pH quantification is Iopamidol [6, 41], a well-established
and approved contrast agent for computed tomography
(CT) [41]. It possesses labile protons and contains two
types of amide functionalities, which cause a CEST effect
at two different frequencies [6].

Therefore, the aim of the present study was to show the
feasibility of quantitative pH imaging via the use of

@ Springer

Iopamidol as a ratiometric CEST contrast agent on a
clinical 3T MR scanner.

Materials and methods

Magnetic resonance imaging was performed on a whole-
body 3T MRI system (Magnetom Trio A Tim System,
Siemens Healthcare, Erlangen, Germany). CEST imaging
was performed in a 2D acquisition mode using an acqui-
sition matrix (M x P) of 192 x 192 and a slice thickness
of 8 mm. The repetition time was 145 ms, the echo time
2.85 ms, and the flip angle was 10°. In order to accelerate
data acquisition, the parallel imaging method GRAPPA
with a factor of 2 was applied.

In-vitro MRI studies

All in-vitro experiments were performed with a standard
twelve-channel receive-only head coil. A CEST prepara-
tion module was applied with pulsed saturation radio fre-
quency (RF) pulses followed by an RF-spoiled segmented-
gradient echo (GRE) readout. The maximum CEST offset
was 9 ppm. The field of view was adjusted to the phantom
size and amounts to 180 mmz, thus resulting in a resolution
of 0.94 x 0.94 mm?. Thirteen shots per slice were used in
the GRE sequence.

Three in-vitro studies were performed. Iopamidol solu-
tions were heated to 37 °C before each study and embed-
ded in a warm water bath with a temperature of 38 °C,
which served as a temperature stabilizer. The first study
was performed in order to maximize the CEST effect with
respect to the CEST parameters (sequence design study).
The second study was undertaken to obtain calibration
curves for pH quantification (pH calibration study). The
third study addressed the dependence of the method on the
concentration of the contrast agent (concentration depen-
dence study).

e Sequence design study

This study was performed using a potassium phosphate-
buffered 100-mM Iopamidol solution with a constant pH
value of 6.4. The Iopamidol solution was transferred into a
tube with a diameter of 5 cm, embedded in a water cylinder
with a diameter of 10 cm and a length of 9 cm. The B,
continuous-wave amplitude equivalent (B;-CWAE), the
pulse duration and interpulse delay (PD and IPD), and the
number of CEST pulses (NP) were investigated regarding
their influence on the CEST effect. Here, B;-CWAE is the
time average B; amplitude [42, 43]. The parameters used
for optimization of the CEST presaturation module as well
as the corresponding acquisition times are listed in Table 1.
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Table 1 Parameters of the CEST presaturation module in the sequence design study

B,;-CWAE (uT) NP PD = IPD (ms) Number of acquired points in the CEST spectrum  Duration of CEST sequence (min:s)
0.2, 0.4, 0.6, 0.8 10 100 34 13:20

0.4 6, 8, 10 100 34 8:08, 10:44, 13:20

0.4 10 60, 80, 100 34 8:24, 10:52, 13:20

e pH calibration study

We added 100 mM Iopamidol to an aqueous potassium
phosphate-buffered solution with pH values ranging from
5.6 to 7.0 (interval 0.2 pH). The eight Iopamidol solutions
with different pH values were transferred into eight dif-
ferent tubes with a diameter of 1.4 cm. All tubes were
placed into a cylinder with a diameter of 12 cm and a
length of 9 cm, which was filled with water. The CEST
sequence with the parameters determined by the sequence
design study was applied for CEST imaging.

e Concentration dependence study

This study was performed with Topamidol in aqueous
potassium phosphate-buffered solution with a pH value of
6.8 + 0.01. Eight different concentrations of Iopamidol
were imaged. The Iopamidol concentration was varied
from 20 to 160 mM in steps of 20 mM. The concentration
dependence study was performed with the same phantom
and CEST sequence as in the pH calibration study.

In-vivo MRI studies

A first in-vivo measurement was performed in a 63-year-
old female patient who had undergone a previous contrast-
enhanced CT with Iopamidol. The time between the CT
and Iopamidol-CEST acquisition was about 1h and
15 min. Using the Iopamidol kinetics described by Mc-
Kinstry et al. [44] and a bladder volume in women of about
250-550 ml, the Iopamidol concentration in the bladder
can be estimated to be in the range of 50-130 mM. MR
imaging of the urinary bladder was performed with a
6-channel array body coil in combination with a 24-chan-
nel array spine coil integrated into the scanner. A CEST
preparation module was applied with pulsed saturation RF
pulses followed by a 2D RF-spoiled segmented GRE
readout of a single slice analogous to the phantom mea-
surements. The maximum CEST offset was 10 ppm. The
field of view was adjusted to 380 mm?, thus resulting in a
resolution of 2.0 x 2.0 mm?. Six shots per slice were used
in the GRE sequence. The CEST preparation module
parameters obtained by the in-vitro study were used. The
acquisition duration of the in-vivo Iopamidol-CEST
examination was 13 min and 57 s.

The study was approved by the local ethics committee
and written informed consent was obtained from the patient
prior to the MR examination.

Data analysis

All data were evaluated using in-house-developed MAT-
LAB software (The Mathworks, Inc., Natick, MA, USA,
R2011b). The Z-spectra were obtained by interpolating data
points on a voxel-by-voxel basis with cubic splines in order
to determine the exact location of bulk water, which was
assigned to 0 ppm. Furthermore, based on the offset-cor-
rected Z-spectra, the MRTqym, curves were determined by

I(—Aw) — I(Aw)

MTR 5ym (Aw) = 7 ,
0

where Aw ranges from O ppm to the maximum offset in the
offset-corrected Z-spectra.

The analysis of the sequence design study includes the
investigation, if the CEST effect of both amide function-
alities of Iopamidol is differentiable for different CEST
pre-pulse parameters, as well as a the quantitative analysis
of the saturation transfer effect.

For saturation transfer analysis, the saturation transfer was
calculated voxel-by-voxel for both CEST peaks at the fre-
quencies Aw; = 4.2 ppm and Aw, = 5.4 ppm according to

[(~Aw) — I(Aw)

ST(Aw)[%] = 1(—Ao)

+ 100,
where ST is an abbreviation for saturation transfer. High
saturation transfer effects for both peaks are desirable,
since the CEST effect should be clearly identifiable.
Based on the criteria that the CEST effect is as high as
possible under the condition that the CEST effects of the
two types of amide functionalities are differentiable, the
optimal sequence parameters were determined.
To evaluate the pH calibration study, the ratiometric
saturation transfer RST was calculated by the following
equation:

(100 — ST(Aw)) - ST(Aw,)
(100 — ST(Aw)) - ST(Aw,)

RST =

RST values were plotted versus the pH value. The data
were fitted by a third-order polynomial function.
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Fig. 1 MTR,y, curves of the
Topamidol solution measured
with different B;-CWAE field
strengths (a), different number
of pulses (b), and different pulse
durations (c¢)
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The calibration curve was further used in the concen-
tration dependence measurement and in vivo measurement
for pH quantification.

The evaluation of concentration dependence was per-
formed in the phantom filled with eight different concen-
trations at a pH value of 6.8 by calculation of pH maps
based on the third-order polynomial fit.

For the in-vivo study, pH quantification was applied
based on the third-order polynomial fit. First, the bladder
was selected manually. For all pixels inside this region of
interest, the pH value was determined. Afterwards, the
mean and standard deviation of the pH value of the bladder
was determined. The pH of the human bladder was com-
pared with the pH value measured with a pH meter (Mettler
Toledo) in the patient’s urine.

For the evaluation of statistical significance, a two-
tailed, unpaired Student’s ¢ test was performed. Values
below 0.05 were considered to be significant.

Results
Sequence design study

Figure 1 shows the MTR,y, curves for different B;-
CWAE, different numbers of presaturation pulses, and
different pulse and interpulse durations. MTR 5y, increases
strongly with increasing B;-CWAE. The two MTR,sm
peaks at 4.2 and 5.4 ppm merge with increasing Bi-
CWAE, so that they are not differentiable for B;-
CWAE > 0.6 uT.

The increasing number of presaturation pulses and the
increasing pulse and interpulse duration tend to promote
saturation transfer effects. Therefore, and due to the
absence of a tendency to merge, high pulse and interpulse
durations and a high number of saturation pulses have been
chosen.

@ Springer

offset [ppm] offset [ppm]

Figure 2 shows the saturation transfer effects of both
amide functionalities. Increasing STs of both CEST peaks
were obtained with increasing B;-CWAE amplitude. This
increase was statistically significant (p value <0.0001).
Increasing NP and PD resulted in slightly increasing ST
values, which was significant for the first lopamidol peak
(p value <0.0001). For the second Iopamidol peak, the
increase was only significant for an increase from six to
eight saturation pulses, and for a prolongation of the pulse
duration from 60 to 80 ms (p value <0.0001). No signifi-
cant increase of the second Iopamidol peak was obtained
by increasing the number of saturation pulses to ten
(p value = 0.12) or a prolongation of pulse duration to
100 ms (p value = 0.15).

Due to the tendency of increased saturation transfer
effects for increasing NP and PD aligned with the obser-
vation of two differentiable MTR y¢yr, effects, the selection
of NP =10 and PD = IPD = 100 ms has proven to be
optimal. For B;-CWAE, an increase in saturation effect
was paired with the tendency of both CEST effects to
merge. Therefore, an intermediate value of BI-CWAE of
0.4 uT was used. This parameter setting ensures high sat-
uration transfer effects without merging at 3T.

In summary, B;-CWAE =04 puT, NP =10 and
IPD = PD = 100 ms resulted in the best saturation trans-
fer effects, enabling the detection of both CEST peaks.

pH calibration study

Figure 3 shows the results of the pH calibration study: RST
is shown as parametric image (a) and is plotted versus the
pH value (b). The third-order polynomial fit is shown as
grey solid line. The fit equation was given by

RST = ag + a,(pH — b) + a>(pH — b)* + a3(pH — b)°,

with ay = 0.28, a; = 0.68, a» = 1.99, a3 = 0.48 and
a=1711.
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Fig. 3 a RST map of the eight
different tubes filled with
Iopamidol solution, with pH
values ranging from 5.6 (top
tube) to 7.0 (upper left corner)
arranged in a clockwise
direction. b RST is plotted
versus the pH value. The grey
line represents the curve fit
using a third-order polynomial
function

Concentration dependence study

Figure 4 shows the pH dependence on the concentration.
For all concentrations ranging from 20 to 160 mM, the pH
value determined by CEST MRI was in good accordance
with the pH value determined by the pH meter. Only the
standard deviation of the low-concentration pH CEST-
measurements was slightly increased at low concentrations.

In-vivo measurement

Figure 5 shows the CEST curve and MTR,., curve
measured in the human bladder. The saturation effect of
Iopamidol is clearly visible in both the CEST curve and the
MTRy4ym curve. In addition, a second peak between 1 and
1.5 ppm can be observed, which can be assigned to the
CEST effect of urea. The pH value determined by the
Iopamidol-CEST sequence was 6.65 + 0.34. This value
was in good accordance with the pH value measured after
the examination of the patient’s urine, which was
6.72 £ 0.01.
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Discussion

The present study demonstrates the feasibility of using
Iopamidol-CEST to quantify pH values in vitro as well as
in vivo on a clinical 3T system.

The considered pH range in our study was from 5.6 to
7.0. This range includes the extracellular pH values mea-
sured in human tumors (extracellular pH = 6.8-6.9), but
not the normal extracellular pH value of 7.4 and intracel-
lular pH value of tumors (intracellular pH = 7.0-7.4) [7,
25, 27, 45-47]. Future studies using lopamidol as a pH-
responsive contrast agent might therefore be of interest in
investigating the influence of different CEST presaturation
modules on the measureable pH range.

Longo et al. [9] observed an entire pH of the mouse
kidney of 6.73 £ 0.11 and found lower values in the inner
and outer medulla. However, increased values in the kid-
ney were observed after glycerol injection (7.09 £ 0.10).
Differentiating renal cortex and medulla using our imaging
method should be possible and has to be investigated in the
future. Reliable measurement of pH values >7.0 might be
difficult due to the reduced influence of the chemical
exchange process of the second Iopamidol peak. In order to
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Fig. 4 Dependence of the Iopamidol concentration on the measured
pH value. Thereby, the mean and standard deviation of the pH values
from all pixels inside the tube with a specific concentration was
plotted versus the concentration. The pH value of the Iopamidol
solution was 6.8 £ 0.01. The Iopamidol concentration varied from 20
to 160 mM in steps of 20 mM. Notice that the real pH value was
inside the standard deviation of the measured pH value for all
concentrations

enable pH quantification in vivo in humans at higher pH
values, the Iopamidol-CEST method would have to be set
up at a human 7T MRI system, thus enabling a similar
imaging sequence as used by Longo et al. [9].

One main drawback using a field strength of 3T is an
increased CEST effect overlap of the two types of amide
functionalities compared to high-field systems, which
prohibits B-CWAE field strengths higher than 0.4 pT,
although higher field strengths result in higher saturation
transfer effects. Earlier studies investigating Iopamidol at
higher field strengths have used higher B; amplitudes,
which enable higher saturation transfer effects [6, 9]. The
smaller saturation transfer effects at 3T might be prone to
errors due to signal noise. However, despite the small B;-
CWAE amplitude used in our study, a clear dependence on
pH value for the relation of both CEST peaks was
observed.

The ratiometric saturation transfer parameter RST
determined in our study at a field strength of 3T shows a
similar pH dependence as the RST calculated by Longo
et al. [6] at a field strength of 7T, an irradiation time of 5 s,
and a irradiation power of 3 uT. In our study, as well as in
the study of Longo et al. [6], the RST value is between 0
and 2.5. In both studies, RST is highest at low pH values,
and decreases with increasing pH value [6]. These results
confirm the transferability of the Iopamidol-CEST imaging
sequence for pH mapping to 3T MR systems.

@ Springer

A further disadvantage of 3T MR systems compared to
higher field strengths is the increased spill-over effect of
water. By keeping B;-CWAE low, spill-over effects for
offset values higher than 3 ppm can be kept low. One
possibility to further decrease the influence of spill-over
effects is the use of paramagnetic instead of diamagnetic
contrast agents. pH quantification with paramagnetic con-
trast agents have been performed previously by Sheth et al.
[37] with a spectrometer operating at 600 MHz. Future
studies might be performed in order to investigate the
feasibility of paramagnetic contrast agents for pH quanti-
fication with CEST imaging at clinical 3T MR systems.

In our study, a pulsed CEST preparation module was
applied. In the study of Zu et al. [48], it was stated that the
B|-CWAE is the appropriate B; norm to obtain a similar
behavior of labeling and spillover effects compared to the
continuous wave experiment [48]. Future studies might be
performed in order to compare the continuous wave and
pulsed CEST method for pH quantification using Iopami-
dol at 3T MRI systems.

Our study clearly shows the concentration independence
of the pH quantification method for all examined concen-
trations, although the standard deviation is slightly
increased for concentrations below 40 mM. Thus, pH
quantification with Iopamidol is possible, even for low
concentrations, but an SNR decrease in the pH map can be
expected. Since the expected concentration for the human
in-vivo study is inside the investigated range of the con-
centration independence study, the application of Iopami-
dol-CEST for in-vivo pH imaging is justified.

The pH value measured in the in-vivo measurement of
the human bladder was in good accordance with pH
determined in the urine by the pH meter, thus reinforcing
the hypothesis that pH imaging is possible at clinical 3T
scanners.

In our in-vitro study, pH quantification was performed at
a temperature of 37 °C. Next to concentration, temperature
might also influence the obtained CEST effects. The tem-
perature dependence has to be taken into account in the pH
quantification in patients suffering from fever. Further-
more, temperature differences in tissue might arise due to
inflammation. Therefore, Iopamidol-CEST imaging in
combination with temperature measurements might be
performed in the future.

In the present work, field inhomogeneity correction was
performed by shifting the interpolated CEST curves in
order to match the exact location of bulk water, which was
assigned to O ppm. Alternatively, other field inhomogene-
ity correction algorithms like offset correction by the
acquisition of an additional By, field map or water saturation
shift referencing (WASSR) might be used [49, 50]. Nev-
ertheless, additional acquisition time is needed to perform
these By inhomogeneity correction processes. The effect of
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different field inhomogeneity correction algorithms on the
dependence of the ratiometric saturation transfer should be
investigated in the future. In particular, it would be of
interest if the standard deviation in the pH map can be
reduced by field inhomogeneity correction with the
WASSR technique or the By field map.

In contrast to the study of Longo et al. [6, 9], CEST pre-
saturation was performed in the present study using a pulse
train instead of a continuous wave presaturation pulse due
to SAR demands and due to technical constraints of the 3T
MR system. However, high-saturation effects could be
achieved with our CEST presaturation pulses. Neverthe-
less, future studies might be performed on an experimental
MR system without technical constraints regarding pulse
width and duty cycle in order to compare Iopamidol-CEST
imaging with continuous and pulsed train presaturation.

Previously, imaging of pH value was performed using
APT-CEST imaging, which was also referred to as pHWI
[31-33, 42]. With pHWI, Sun et al. [31] showed that a
differentiation between ischemic penumbra and benign
oligemia was possible in Wister rats. In the future, the pH
imaging technique presented in our work might be applied
to stroke patients in order to investigate whether the
ischemic penumbra can be differentiated from other tissue
with Topamidol-CEST imaging. The advantage of Iopam-
idol-CEST imaging compared to pHWTI is that pH quanti-
fication by Iopamidol-CEST imaging is independent of the
concentration [6], whereas the CEST contrast in APT-
CEST imaging also varies with the proton concentrations
of the bulk water and labile groups [42]. In order to per-
form concentration-independent pH mapping, the use of
Topamidol-CEST imaging might be preferable.

One drawback of this study is the limited application of
the Topamidol-CEST sequence in only one patient. This
was due to external circumstances: the patient undergoing a

CT examination with Iopamidol has to agree to a follow-up
MR examination, and the MR scanner, which is used
heavily in clinical routine, must be available within a
narrow time frame. Nevertheless, studies involving more
patients should be performed in the future.

Future areas of application of the presented method
could include the pH imaging of neoplasia or of renal
pathologies. Depending on the anatomic regions, the
applied CEST method would have to be modified to
include respiratory gating of the sequence.

Conclusion

In summary, it can be stated that pH quantification with
Iopamidol-CEST imaging, using pulsed train presaturation,
is possible on clinical 3T systems for the pH range of
5.6-7.0. Our in-vivo results obtained in the human bladder
were congruent with pH values measured externally in the
urine by a pH meter. A linear relationship between ST,
and pH value was obtained. pH quantification with
Iopamidol-CEST imaging is independent of the concen-
tration of Iopamidol.
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Abstract

Objectives The goal of this study was to quantify CEST
related parameters such as chemical exchange rate and
fractional concentration of exchanging protons at a clini-
cal 3T scanner. For this purpose, two CEST quantification
approaches—the AREX metric (for ‘apparent exchange
dependent relaxation’), and the AREX-based 2-plot
method were used. In addition, two different pulsed RF
irradiation schemes, using Gaussian-shaped and spin-lock
pulses, were compared.

Materials and methods Numerical simulations as well
as MRI measurements in phantoms were performed. For
simulations, the Bloch—-McConnell equations were solved
using a two-pool exchange model. MR experiments were
performed on a clinical 3T MRI scanner using a cylindrical
phantom filled with creatine solution at different pH values
and different concentrations.

Results The validity of the Q2-plot method and the AREX
approach using spin-lock preparation for determination
of the quantitative CEST parameters was demonstrated.
Especially promising results were achieved for the 2-plot
method when the spin-lock preparation was employed.
Conclusion Pulsed CEST at 3T could be used to quantify
parameters such as exchange rate constants and concentra-
tions of protons exchanging with free water. In the future
this technique might be used to estimate the exchange rates
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< Julia Stabinska
Julia.Stabinska @med.uni-duesseldorf.de

Department of Diagnostic and Interventional Radiology,
Medical Faculty, University Dusseldorf, Moorenstr. 5,
40225 Diisseldorf, Germany

and concentrations of biochemical substances in human tis-
sues in vivo.

Keywords Chemical exchange saturation transfer
(CEST) - Magnetic resonance imaging (MRI) - Creatine

Introduction

Chemical exchange saturation transfer (CEST) represents a
new molecular MRI technique that enables indirect detec-
tion of labile solute protons through bulk water signal
changes following selective saturation of exchangeable
protons at different frequencies [1-3]. Several CEST MRI
approaches have been shown capable of measuring dilute
CEST agents and microenvironmental properties such as
pH and temperature [4-6].

Since the CEST effect varies with labile proton ratio,
exchange rate, and experimental conditions such as field
strength and radiofrequency (RF) irradiation scheme, there
is a need to develop quantitative CEST analysis for defin-
ing underlying CEST parameters [7, 8]. Several analytical
and numerical methods have been established to determine
labile proton concentration and exchange rate from the
CEST-weighted data [9-12]. Two approaches to measure
the labile proton ratio-weighted exchange rate as a func-
tion of saturation time (QUEST) and saturation power
(QUESP) have been proposed by McMahon et al. [10].
The exchange rates are determined by fitting the changes
in the intensity of the water signal after application of
different saturation powers (QUESP) or saturation times
(QUEST) to the modified Bloch-McConnell equations.
Dixon et al. extended the QUESP method and showed that
the CEST effect can be represented as a linear function of
1/B? (the so-called Q-plot) and that the proton exchange
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rate and labile proton ratio can be determined indepen-
dently by linear regression of the CEST effect [11]. How-
ever, this method is limited to paramagnetic CEST agents
(PARACEST) that exhibit large chemical shifts. As a
result, the selective RF pulse is applied far from the free
water resonance frequency, which reduces direct water
saturation (spillover) and magnetization transfer effects
[3]. The QUEST ratiometric analysis (QUESTRA) has
been shown to correct the influence of confounding fac-
tors, such as relaxation and spillover effects [12]. Never-
theless, it provides only the labile proton ratio-weighted
exchange rate. More recently, it has been presented that
the spillover factor is not sensitive to the labile proton ratio
and exchange rate, and therefore can be estimated and effi-
ciently corrected by the inverse metric [13, 14]. Sun et al.
demonstrated that the RF spillover-factor 2-plot method
provides good quantification in the case of endogenous
CEST agents with small chemical shifts [7, 15]. However,
they performed their experiments using continuous-wave
(CW) saturation, which is usually not feasible on clinical
scanners due to the hardware and specific absorption rate
(SAR) limitations. Thus, the pulsed train pre-saturation
scheme must be used instead [16, 17]. Sun et al. compared
pulsed- and continuous wave—RF irradiation schemes for
CEST and showed that the maximal pulsed-CEST con-
trast is approximately 95% of CW-CEST and that their
optimal saturation RF power is approximately equal [18].
A theoretical model for pulsed-CEST experiments and
optimized saturation scheme was defined by Schmitt et al.
[16]. To translate quantitative CEST to clinical MRI sys-
tems, the pulsed quantitative CEST approaches such as
AREX (‘apparent exchange dependent relaxation’) and
AREX-based 2-plots method have been proposed [19,
20]. Zaiss et al. introduced a novel metrics, MTRg,,,
which eliminates spillover and semi-solid MT effects and
then extended it to the AREX, a T, relaxation-compen-
sated metric, which in turn facilitates quantification of the
CEST effect [21]. The analytic description of the spillover
corrected Q2-plot method in the case of pulsed CEST was
proposed by Meissner et al. [20]. However, they performed
the CEST MRI experiments at high field strength (7T).
Although higher magnetic field strengths are beneficial to
the CEST phenomenon, the commonly used field strengths
on clinical MR usually do not surpass 3T.

Recently, spin-lock (SL) saturation preparation for
pulsed chemical exchange MR imaging has been intro-
duced [22, 23]. Pulsed SL may provide several advantages
over the conventional pulsed CEST: (1) higher signal-to-
noise ratio (SNR) by restoring magnetization along the
longitudinal axis of the rotating frame [22, 24]; (2) less
direct water saturation because of the suppression of the
magnetization rotations in the transversal plane [22]; and
(3) increase of the saturation efficiency compared with the
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conventional CEST [23]. Chemical exchange imaging with
spin-lock technique has also been shown to better charac-
terize the chemical exchange processes when the resonant
frequency offsets are small (e.g., <2 ppm) and the exchange
is in the intermediate to fast regime compared with the
CEST in the case of saturation by a train of Gaussian-
shaped RF pulses [25, 26].

The aim of this study was (1) to evaluate quantitative
CEST parameters using the AREX metric and the AREX-
based Q2-plot method and (2) to compare two different satu-
ration schemes at a clinical 3T MRI system.

Materials and methods
Quantitative parameter determination

Zaiss et al. proposed a novel magnetization transfer ratio,
which eliminates spillover and semi-solid macromolecular
magnetization transfer (MT) [21]:

1 1 Rex - DC

. Riw ey

MTRRex = =—
ex Zlab Zyet

where 7, = Z(+Aw) is the label scan around the reso-
nance of the CEST pool (s) and Z; = Z(—Aw), the refer-
ence scan at the opposite frequency with respect to water;
R., is the exchange-dependent relaxation in the rotating
frame; DC is the duty cycle and R, is the relaxation rate of
the water pool (w). The MTRg., metric could be extended
to an apparent exchange dependent relaxation metric—

AREX [21]:
AREX = MTRRexR . 2)

In the full saturation limit (1) w, > R, + k, and in the
large-shift limit (2) dw, > w,, when applying RF pulse at
the CEST pool resonance, R, = f-k,, and, hence:

AREX = kys - DC, 3)

where w; is the RF irradiation amplitude; R, the relaxation
rate of the pool s; dw, is the chemical shift of the pool s;
k,, and k, are the exchange rate between pool s and w and
back exchange rate, respectively, and f is the labile proton
ratio.

Assuming the f'is known, we can calculate the chemical
exchange rate k,:

_ AREX
~DCf @

SW

The relaxation-compensated €2-plot analysis can be
applied to the AREX signal. For this purpose, a stack of
the AREX maps for different RF amplitudes B, is created
and then fitted with the equation [20]:
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where p, is an intersection p; the slope of the linear
function.

For shaped pulses (e.g., Gaussian), a time depend-
ent w,(¢) has to be taken into account. Meissner et al.
calculated the average longitudinal relaxation rate in
the rotating frame R,, as a function of the pulse shape
[20]. This method allows the calculation of form factors
for the modified CEST signals and the B, dispersion of
the CEST effect in the case of using a pulsed saturation
scheme. For the Gaussian-shaped pulse, the form factors
are defined as follows [20]:

2o

cl =

(6)

Ip

Cc) =<C1 - \/ \/E (7)

For the experiment with spin-lock pulses: ¢; = ¢, = 1.
The exchange-dependent relaxation R,, in the case of
pulsed pre-saturation can be approximated as:
i

Rshaped sz ) )
o ™ CU12 + ksw (ksw + RZS)C%

®)

Using Eqgs. (1), (2) and (8) as well as p, and p, values
determined from the linear Eq. (5) enables quantification
of kg, and f with the following equations:

_ R (R2s)2 P1
WETD T Y a ®

1

2 1
c1-DC-po-<—’%S+,/(R35’ +pf)’1%) (10)

Both considered methods use a Z-spectrum model in
the pulsed CEST experiment given by Zaiss et al. [21].
This model is valid if several key conditions defined
by Meissner et al. are met [20]: (1) small CEST pool
(f < 1%), (2) sufficiently long saturation times (., > T5,,),
(3) exchange dynamic is faster than the pulse dynamic
(kg > 1/1,), (4) exchange dynamic in the interpulse delay
can be neglected (kg, < 1/t;), (5) analytical integral of
R, is valid (Aw > w,), (6) the approximation of the ana-
lytical derived form factors of a Gaussian-shaped pulse
is satisfactory (o/tp < 0.5), where o is the width of the
pulse. In contrast to the original 2-plot method pro-
posed by Dixon et al., there are two other limitations

f:

for the AREX-based 2-plot method; (7) R, < 1 and
Riyt; < 1 and (8) wi < 0.5 - kg, (ky, + Ry). Last but not
least, the steady-state condition as for the AREX method
has to be fulfilled (9) ., > 5-T,,

sat —

Numerical simulations

For simulations, the Bloch-McConnell (BM) equations
were solved using Matlab (Matlab R2012a, Mathworks,
Natick, MA, USA) by a two-pool exchange model as
proposed by Murase et al. [27], assuming representative
T\, =2473 s and T,, = 1.676 s for the bulk water, and
T, =0.5sand T,, = 0.015 s for labile protons at 1.9 ppm
at 3T, respectively [21]. The saturation scheme consisted
either of 50 Gaussian-shaped, or 50 spin-lock pulses with
pulse duration and inter-pulse delay 7, = 7, = 100 ms. The
spin-lock magnetization preparation pulse was obtained by
using the rotation matrix:

10 0
0 cosa —sina |, (11)
0 sina cosa

M(a) =

where ¢ = © or —0.

The quantitative CEST analysis was applied to the sim-
ulated data, to assess the accuracy of the methods over a
wide range of B, f and kg, values. The results were then
normalized to the theoretical values from the BM simula-
tions, giving the normalized exchange rate ko " and the
normalized labile proton ratio /"™ maps.

General simulation parameters are listed in Table 2 in
the “Appendix”.

Phantom

For MR experiments, three sets of phantoms were
employed, each containing four 60 mL tubes (Table 1).
Eleven samples, using phosphate buffer and creatine solu-
tion (Creatine anhydrous, Alfa Aesar GmbH & Co KGm
Karlsruhe, Germany), were prepared at room temperature.
Three phantoms either consisting of creatine solutions with
varying pH values (Phantom 1&?2) or varying molar con-
centration (Phantom 3) were obtained. The labile proton
ratio f was calculated using the equation: N-[Cr]/2-[H,0],
where N is the number of labile protons per creatine mol-
ecule, and [H,0] and [Cr] are water and creatine molar
concentration, respectively. The number of exchangeable
protons per creatine molecule was assumed to be four [19,
28]. To assess the accuracy of the determined chemical
exchange rate from labile protons s to bulk water w, the
reference kg, value for creatine was calculated from the
empirical equation [28]:
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Q-plot method

Table 1 Phantoms employed with the reference kg, . value obtained from the empirical relation given in Eq. (12), reference labile proton ratio f, ¢ and kg, and f values determined using quanti-
AREX method

tative CEST analysis

@ Springer

Gaussian-shaped pulses

Pulsed SL

Gaussian-shaped pulses

Pulsed SL

f(%o) ksw (HZ) f(%o)

kg, (Hz)

kg, (Hz)

k,, (Hz)

f;—ef (%0)

1.8
1.8
1.8
1.8
1.8

pH ¢ (Mm)

Phantom

ksw,ref (HZ)

1.9+£0.39

56.32 £ 11.02
65.76 = 11.11

1.8 £0.34
1.9 £0.27
20£02

41.21 £7.63
49.88 + 7.34
68.86 £ 8.66
93.28 +10.24
116.94 + 8.46
162.18 + 10.67
259.83 £21.72
492.72 + 63.89
185.35 £+ 46.10
163.76 + 17.20
161.20 £+ 12.52

33.58 £2.82
41.44 +£295
56.00 £+ 3.59
71.14 £+ 3.60
922 +4.61
117.15 £ 6.56
157.67 £ 7.62
213.57 +10.29

124.67 £ 7.08

38.48 £2.73
49.58 +3.33
69.99 + 4.53
94.41 +4.36
133.87 +£5.68
174.81 £ 8.90

243.54 £ 11.62

23.17

50
50
50
50
50
50
50

6.15
6.31
6.52

2.0£0.32

33.50
54.32

22 +0.26

81.78 £ 11.62
98.28 + 9.84
141.68 £ 11.16
173.30 + 12.55
249.92 +17.29
413.60 £ 27.65

23+£0.21

2.0+£0.17

82.22

6.70
6.83
7.02
7.21
7.51

22+0.17

23 +£0.17

110.91

23+£0.17

23+0.14

1.8
1.8
1.8
0.9
2.7
3.6

171.78
266.06

2&3

23+£0.14

23£0.12

22+£0.11

23£0.16

312.88 £+ 19.47
182.04 +9.43

530.86

1.3£0.14

160.73 £ 22.29
167.91 £ 12.12

267.20 + 8.68

1.2 £0.10

171.78

25

7.02
7.02
7.02

3.6 £0.22

34+£0.18

118.76 £ 5.70
119.02 + 5.36

172.30 = 7.77
174.38 £ 9.70

171.78

75

49+£0.25

4.7 +0.27

171.78

100

1
L

EA b, ff+AH
1oPH— 14+ B (

ksw (298.15K) A kp o7(298.15K) -

) 12)

29815K "~ T

where koo (298.15 K) = 3.009 x 10° Hz L mol~

EAbeff = 32.27 kJ mol~!, AH} = 55.84 kJ mol~! and

=8.314 mol 'K~ Recently, the effective base-catalyzed
rate constant ky, ¢ and the effective activation energy Ej y, o
were estimated by Goerke et al. [28] by means of water-
exchange (WEX)-filtered 1H NMR spectroscopy. Thus,
this method served us as a reference method for measuring
the exchange rate of creatine. The kg, values derived from
Eq. (12) formed our ‘ground truth’ and are listed in Table 1.

MRI experiments

All measurements were performed on a clinical 3T MR
scanner (Magentom Trio A Tim System, Siemens Health-
care, Erlangen, Germany) with a 12-channel birdcage
coil. A 2-D single-shot gradient echo sequence (GRE) as
described in [16] was used for CEST image data acquisi-
tion. The following parameters were chosen: field of view
FOV = 130 mm x 130 mm, image matrix = 64 x 64,
slice thickness = 8 mm, repetition time 7 = 7.3 ms, echo
time 7y = 3.41 ms, and flip angle = 10°. Sampling was
performed equidistantly at 41 various frequency offsets
between —3.5 and 3.5 ppm. An additional scan at frequency
offset —300 ppm was acquired for normalization. The satu-
ration module consisted either of 50 Gaussian-shaped, or
50 spin lock pulses with 7, = 7, = 100 ms and RF pulse
amplitudes B, of 0.25, 0.5, 1.0, 1.25, 1.65, and 2.1 uT.
Each of the spin lock pulses is flanked by two Gaussian-
shaped RF pulses with the flip angle 6 and opposite phase,
where 6 is the angle between the effective field and the
z-axis. A simplified schematic CEST pulse sequence dia-
gram (Fig. 1) is included in the appendix. The water satu-
ration shift referencing (WASSR) method for B, inhomo-
geneity correction was used [29]. Here, a single Gaussian
pulse with 7,, = 56 ms and RF amplitude B; = 0.1 uT was
employed. Additionally, T1-weighted MR images were
acquired by a turbo-inversion-recovery sequence. Alto-
gether, 13 contrasts at different inversion delays (TI) rang-
ing from 25 ms to 3.2 s were fitted to obtain T1 maps.

Data processing

All data were processed using Matlab. The 7; maps were
obtained by least-squares fitting of the IR measurements
data as a function of the inversion delay (TI): S (TI) o S,
(1-2-exp(—=TI/T})), where S, is the equilibrium signal. To
reduce noise, a 5 x 5 Gaussian filter was applied to each
CEST and WASSR image. Based on the WASSR images,
an offset map were calculated using the WASSR maximum
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50 100 150 200 250 300
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Fig. 1 Normalized exchange rate k{y'™ maps with a color-coded error
range of 15% for the AREX method with (a) pulsed SL (b) trains of
Gaussian-shaped pulses used for saturation. The &, values obtained

symmetry algorithm introduced by Kim et al. [29, 30].
The CEST data were normalized to the signal from the
first acquisition at frequency offset —300 ppm. The offset
map was used to correct the Z-spectrum on a pixel-basis.
The inverse asymmetry MTRp., maps were generated at
1.9 ppm. Next, the AREX maps was calculated using aver-
age T times, which were obtained as an average of the four
tubes of each phantom. Finally, the relaxation-compensated
Q-plot analysis was then applied to the AREX signal. The
form factors for the Gaussian-shaped pulses employed in
this work were ¢; = 0.5672 and ¢, = 0.6171. In the case of
spin-lock pulses, the form factors were ¢, = ¢, = 1. It was
also assumed that R, = 66.67 Hz [31].

The measured data in the studied ROIs were tested for
normal distribution using the Kolmogorov—Smirnov Test
(KS Test) with « = 0.05. Since the results deviated sig-
nificantly from the normal distribution, the non-parametric
Wilcoxon—-Mann—Whitney test with a level of significance
(p value) o = 0.05 was used.

Results
Simulations

The Bloch—-McConnell simulations over a wide range of B,
fand kg, values revealed significant differences in accuracy
and feasibility between the examined CEST quantification
methods and between two considered saturation pulse shapes.
To demonstrate the general applicability of the methods, we
calculated a normalized exchange rate kg " map and a nor-
malized labile proton ratio f°™ map (only for the Q-plot
method) with a color-coded error range of £15%. Note that
independently of the irradiation scheme and quantification
method, the lower exchange rates tend to be strongly over-
estimated in nearly the whole range of B, values. The AREX
approach generates sufficiently accurate results in the kg,
range of 100 £ 50 Hz when applying the pulsed SL and B,

(b) k:;’m(k B,)

sw’ 1

110

50 100 150 200 250 300
kSW [Hz]

from the quantitative CEST analysis were normalized to the theoreti-
cal values from the BM simulations

between 1 and 3 uT (Fig. la), and in the &, range of about
30 =+ 15 Hz using Gaussian-shaped RF pulses (Fig. 1b).

An advantage of the AREX-based €2-plot method is
the possibility of simultaneous determination of exchange
rate and the labile proton ratio. Applying spin-lock pulses,
both parameters can be estimated with very good accuracy
over a wide range of kg, although the accuracy decreases
at larger kg, rates. This decreased accuracy at faster kg, is
amplified as the saturation power increases (Fig. 2a, c).
This method can produce accurate estimates of fractional
concentration for kg, smaller than about 400 Hz at lower
RF power (Fig. 2c, d). The results of the Q-plot method
for the Gaussian-shaped pulses show its decreased range
of applicability in comparison to results obtained with the
pulsed SL. The accuracy of the estimation of kg, is strongly
overestimated for slower kg, rates (<100 Hz), but also sig-
nificantly underestimated for faster kg, rates. These accu-
racies are also nearly independent of the saturation power
(Fig. 2e) and labile proton ratio (Fig. 2f).

In vitro MR experiments

To validate the simulations, we performed phantom MR
measurements (Table 1). First, we determined the exchange
rates as a function of pH (phantom 1 and phantom 2,
Table 1) (Fig. 3b). For the graphic presentation, we normal-
ized the results to the reference k, values obtained from
the Eq. (12) (Table 1). At lower pH the k, rates are sub-
stantially overestimated. This is consistent with simulation
findings. Interestingly, the AREX metric shows smaller
error intervals than the Q-plot method, regardless of pH
value. Due to its small error and a good agreement with the
corresponding reference value, the AREX method when
using pulsed SL could be applicable for exchange rates
between about 80-270 Hz (please see Table 1). It is worth
noting, that the results of the Q-plot method are in very
good agreement with the reference values in the k, range
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Fig. 2 Parameter maps with
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between 50 and 530 Hz if the spin-lock saturation prepa-
ration was applied. In the case of using Gaussian-shaped
RF pulses, the 2-plot method estimates the exchange rates
between 170 and 530 Hz within the +15% error range.
Except for the AREX method and pulsed SL saturation
scheme at pH 6.52 and 6.70 (p = 0.925), pH 6.52 and 6.83
(p = 0.7031), pH 6.70 and 6.83 (p = 0.7631), results of all
other pairs were significantly different.

To further evaluate the Q2-plot methods when applying
different pulsed pre-saturation schemes, we determined
the labile proton ratios as a function of creatine molar
concentration (phantom 3, Table 1) (Fig. 4). The number
of labile protons per creatine molecule was assumed to be
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four [19, 28]. Our results verified the linear dependence
of the labile proton ratio on creatine concentration. For
both irradiation schemes, the results appear to be con-
stantly overestimated, which is more substantial in the
case of Gaussian-shaped RF pulse trains. All results were
significantly different.

Next, we obtained the normalized exchange rate for dif-
ferent creatine concentrations (phantom 3, Table 1) at pH
7.0. In particular, the exchange rates estimated by means of
the AREX method and pulsed SL, are in good agreement
with the expected value. The variations of the results for the
Q-plot method also remain within the +15% error range for
creatine concentrations above 25 mM. In comparison to the
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Fig. 3 Exchange rates kg, estimates determined at varying pH val-
ues, normalized to the reference value kg, . obtained from the empir-
ical relation given in Eq. (12) (Table 1). Dashed lines represent the
15% error tolerances

55

AREX-based Q2-plot method
5| © pulsed SL

0 Gaussian-shaped pulses
45| @ theoretical labile proton ratio

f [%o]
w

05 I ! L L
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Fig. 4 Labile proton ratio f estimates determined at different cre-
atine concentrations (25, 50, 75 and 100 mM) using the AREX-based
Q-plot method and two different RF saturation schemes—pulsed SL
(green square) and Gaussian-shaped RF pulses (blue square). Purple
diamonds represent theoretical labile proton ratio values

results obtained using the spin-lock saturation scheme, the
kg, rates determined with the AREX method when using

Gaussian-shaped RF pulses are strongly underestimated. The
deviation from the reference value is about 30% (Fig. 5).

Discussion

In the present study we compared two CEST quantifica-
tion methods and two different saturation schemes based

L L L L

pulsed SL Gaussian-shaped pulses pulsed SL Gaussian-shaped pulses

Fig. 5 Exchange rates kg, estimates determined using -plot analy-
sis (green and blue squares) and the AREX method (red and orange
squares) at different creatine concentrations (25, 50, 75, 100 mM)
at pH 7, normalized to the reference value kg .; obtained from the
empirical relation given in Eq. (12) (Table 1). Dashed lines represent
the 15% error tolerances

on Gaussian-shaped RF pulse train and pulsed spin-lock
preparation. Moreover, we performed our experiments at
a clinical 3T MRI system.

The CEST methods evaluated in this study are based
on several conditions. Our simulations revealed that all
considered quantitative CEST methods tend to overes-
timate lower exchange rates. It is worth noting that the
pulsed approach, used here, is based on the assumption
that during the saturation pulse the water magnetization
is “locked” in the direction of w.; and decays with the
rate R,, and recovers during the interpulse delay 7, with
the rate R, [22]. However, Roeloffs et al. showed that
a biexponential decay of magnetization during the break
should be taken into account. For exchange rates that are
comparable with the inverse of the interpulse delay, this
additional magnetization transfer may lead to a signifi-
cant overestimation of the exchange rates. Our simula-
tions confirmed that each saturation technique shows dif-
ferent accuracy in the exchange rate determination that
is dependent on the exchange regime in which the analy-
sis is performed. Using pulsed SL, the AREX method is
applicable for higher exchange rates than in the case of
Gaussian-shaped saturation pulses. For the SL technique,
faster exchange between the water and metabolite pool
boost signal dephasing that may be reduced with suffi-
cient locking field w,. Therefore, the larger this dephas-
ing effect is, the higher contrast enhancement may be
obtained. This contrast was reported to decrease dramati-
cally at higher and lower locking fields [23, 25]. Only
around the maximum contrast, the signal-to-noise ratio is
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sufficient for the MTRy,, metric to reconstruct the ideal
signal from the residual signal [19]. Thus, the accuracy
of the AREX metric for pulsed SL is not a monotonic
function of k. It can increase or decrease with the kg,
depending on the RF saturation power. Also, the full-sat-
uration limit k,, << w; has to be taken into account [19].

Since the amplitude of the saturation is not constant for
Gaussian-shaped pulses, the form factors should be consid-
ered, which compensate decreased saturation efficiency of
the shaped pulses compared to the rectangular pulses [19].
The form factors defined for the Q2-plot method cannot be
simply transferred to the AREX metric, which contributes to
the poor results of the approach when using Gaussian-shaped
pulses. In this study we used the numerical derived form fac-
tors for the Gaussian-shaped pulse, which improved the esti-
mation of kg, and f, by the Q-plot method compared with
the results obtained with the analytical derived form fac-
tors (data not shown). The results of the simulations for the
Q-plot method using the pin-locking technique showed the
great potential of this method. The increasing uncertainty in
the determination of the exchange rate for small labile proton
ratios is consistent with limitations of the method defined by
Meissner et al. [20]. However, our simulations of the $2-plot
method at the 3T system presented a smaller area of valid-
ity compared to the results obtained by Meissner et al. at 7T
in the case of using Gaussian-shaped pulses [20]. The spe-
cific frequency offset Aw from water should be larger than
the chemical exchange rate kg, in order to better identify the
CEST effect from creatine (large-shift limit) [3]. Since the
frequency shift increases with the magnetic field strength,
this assumption is better fulfilled for a higher magnetic field
strength B and smaller exchange rates.

The results of our in vitro studies clearly show that
quantitative CEST imaging is possible at a clinical 3T
scanner. The Q-plot qCEST method provided particularly
promising results if a train of spin-lock pulses was applied.
Nevertheless, further investigations are needed to validate
these results in vivo.

The overestimated exchange rate for the low pH tubes
confirmed the trend that became apparent in the simula-
tions. Smaller variations of the results at higher pH val-
ues are caused by the fact that the signal-to noise ratio
(SNR) increases with increasing exchange rate. At high
kg, values, the exchange rates estimated using spin-lock
pulses and Q2-plot method are in better agreement with the
reference value than in the case of Gaussian-shaped RF
pulses. It should be noted that the reference values used
here are based on the formula introduced by Goerke et al.
[28]. They assumed a constant estimation error of 10%.
However, in the more recent work of the same research
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group, the actual error was reported to be greater [20]. To
assess the determined quantitative parameters more accu-
rately, it might be necessary to compare the results with
other reference methods, such as the fitting of CEST data
to the Bloch—-McConnell equations in order to estimate
the exchange rates [10]. However, these methods were
mainly evaluated for continuous-wave (CW) RF irradia-
tion. When using pulsed saturation schemes, the simula-
tions become computationally more expensive. Thus, the
reasonable computing time is a great advantage of analyt-
ical, quantitative CEST methods such as AREX, Q-plot,
QUEST, QUESP, QUESTP and QUESTRA [10-12, 19,
32]. The Water Exchange (WEX) spectroscopy might be
also a useful reference method for exchange rate determi-
nation [28, 33].

The simulations and experimental results showed
slightly different ranges of applicability of the meth-
ods for the determination of exchange rate and the labile
proton ratio. This can be explained as a result of system-
atic effects. Firstly, the simulated spin-lock pulse had an
ideal rectangular form, which is never the case in reality.
Besides, the simulated preparation pulses were realized
through a simple rotation of the magnetization. In prac-
tice, a flip angle of these RF pulses is spatially depend-
ent on, for instance, tissue attenuation. Secondly, a slight
change of the saturation field strength, caused by the B,
field inhomogeneities, leads to the varying saturation effi-
ciency between pixels. Also, the B, inhomogeneities may
cause non-negligible errors in quantitative CEST imag-
ing [31]. In general, the Gaussian-shaped pulse irradiation
scheme is considered to be more robust against field inho-
mogeneities than the spin-lock pre-saturation technique
[24]. Further elements of uncertainty in the comparison of
the experimental and simulated results are the longitudinal
relaxation time 7' and transversal relaxation time 7, of
the solute pool, used for simulations. Because of very short
T,, a short echo-time spectroscopy is required in order to
determine these parameters experimentally. Due to this
technical limitation, we used values reported in the litera-
ture [31]. The influence of the T time is relatively small.
However, for extremely low exchange rates, a longer 7'
leads to more accurate results [15]. Moreover, simulation
results presented by Sun et al. revealed that a variation of
the 7,, plays only a subordinate role, as long as it can be
reasonably estimated [15].

The results obtained for phantom 3 showed a linear
dependency of the fractional concentration and the cre-
atine concentration in solutions. A similar trend was
reported by other groups [7, 20]. The comparison of the
calculated labile proton ratios for phantom 3 showed a
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systematic and partially significant overestimation of
the results. In the case of Gaussian-shaped saturation
pulses, it is consistent with the simulation findings. For
the pulsed SL saturation, however, a slightly underes-
timated result was expected. The surprisingly overes-
timated values of the fractional concentration could
be explained as a result of the underestimation of the
exchange rates.

In the present work we assessed the applicability of the
methods using creatine solution. Quantitative CEST anal-
ysis of other endogenous CEST agents or even multi-pool
CEST systems could be the next step. Since exchange
rates increase with increasing temperature, the pulsed SL
saturation technique could be of particular relevance for
imaging of slow and intermediate-exchanging protons at
3T. Another factor, which should be taken into account,
is the signal-to noise ratio (SNR) of the MRI data. The
Rician noise, which introduces a bias into MRI experi-
ments, may be crucial to the quantitative CEST analysis,
especially for in vivo applications [34, 35]. The apparent
semi-solid molecular magnetization transfer (MT) and
nuclear overhauser (NOE) effects also have to be consid-
ered [36, 37].

As an alternative to the pulsed saturation scheme, a
method based on a continuous RF saturation scheme using
a parallel RF transmission technique has been developed,
that allows the use of arbitrarily long RF saturation pulses
via amplifier alternation within the SAR and RF duty-cycle
limits [38, 39].

Although the first in vivo applications of AREX met-
rics and the 2-plot method at 3T scanner have been
already reported, further development and tissue-oriented
optimization is still necessary. Zaiss et al. applied AREX
of APT (amide proton transfer) to calculate the absolute
pH map of a rat brain with a stroke lesion. One limita-
tion of this method is that the labile proton ratio has to
be known in order to determine kg, and, thus, the pH map
[19]. In contrast, the Q2-plot method allows simultaneous
measurements of the exchange rate and the labile pro-
ton ratio. Therefore, Zhou et al. performed in vivo quan-
titative CEST imaging using the 2-plot method in the
intervertebral discs (IVDs) in a porcine model on a 3T
clinical scanner. The exchange rates determined from the
quantitative analysis were closely correlated with the pH
value in the IVDs, which was measured using a needle-
shaped tissue pH probe. The most important limitation
of the study was the acquisition time (30-40 min for one
IVD) [40]. The quantitative CEST analysis requires long
saturation times to achieve the steady-state and multiple
CEST experiments with varying B, in the case of using

the Q-plot method. Thus, the new fast imaging techniques
such as compressed sensing or parallel imaging are neces-
sary to accelerate CEST acquisitions [41]. In addition to
brain and cartilage, it might be also possible to quantify
the CEST effects from small metabolites and their by-
products in other human tissues such as kidney, liver or
muscles.

Conclusion

A quantitative CEST data evaluation approach, enabling
the determination of the labile proton ratio f of exchang-
ing protons and their exchange rate k, is an important
step in improving the quality of the CEST imaging. Up
to now, quantitative CEST imaging was mostly per-
formed at a high field strength (7T) using continuous
wave (CW) saturation pulses. Although higher magnetic
field strengths are beneficial to the CEST phenomenon,
the commonly used field strengths on clinical MR usually
do not surpass 3T. Furthermore, due to scanner specifica-
tions and specific absorption rate guidelines, only pulse
train pre-saturation should be considered for the CEST
imaging in clinical routine. The ©2-plot method for pulsed
SL saturation has proved to be particularly promising
for imaging of intermediate-exchanging protons with
exchange rates between 50 and 530 Hz. In summary,
our studies showed that quantitative pulsed-CEST MRI
is capable of producing reasonable results at clinically
available MR systems and remains promising for clinical
translation.
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Appendix 1

See Figs. 6 and 7 and Table 2.

Fig. 6 A simplified schematic (a)
CEST pulse sequence diagram
with a series of a Gaussian-
shaped RF saturation pulses
and b off-resonant spin-lock B1
saturation pulses. Each satura-
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Fig. 7 Z-spectrum and AREX curves obtained with B, = 0.5 pT
and B; = 1.65 uT using pulsed SL (dashed blue lines) and Gaussian-
shaped saturation pulses (solid green lines). For the pulsed SL satura-
tion, AREX yields higher contrast at higher B; compared to saturation
with trains of Gaussian-shaped RF pulses
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Table 2 Numerical simulation parameters

(B, = const)

fvariation

const)

B, variation

(f

ksw

Saturation scheme

Quantitative CEST method

2%o)

0.1-5.0 uT in steps of 0.05 uT (f

1-300 Hz in steps of 1 Hz

Gaussian-shaped pulses

AREX

Spin-lock pulses

0.05-5%o in steps of 0.05%0 (B, = 0.25,

Six datasets with linearly distributed RF amplitudes

10-500 Hz in steps of 10 Hz
10-1000 in steps of 10 Hz

Gaussian-shaped pulses

AREX-based Q-plot

0.5, 1.0, 1.25, 1.65, 2.1 uT)

2%0)

B, between 0.2 wT and a maximum B, value, which

ranged between 1.6 and 4.6 nT in steps of 0.1 uT

f

Spin-lock pulses
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1 | INTRODUCTION

Purpose: To characterize the proton exchange in aqueous urea solutions using a
modified version of the WEX II filter at high magnetic field, and to assess the feasi-
bility of performing quantitative urea CEST MRI on a 3T clinical MR system.
Methods: In order to study the dependence of the exchange-rate constant &, of urea
as a function of pH and 7, the WEX-spectra were acquired at 600 MHz from urea
solutions in a pH range from 6.4 to 8.0 and a temperature range from 7 = 22°C to
37°C. The CEST experiments were performed on a 3T MRI scanner by applying a
train of 50 Gaussian-shaped pulses, each 100-millisecond long with a spacing of 100
milliseconds, for saturation. Exchange rates of urea were calculated using the
(extended) AREX metric.

Results: The results showed that proton exchange in aqueous urea solutions is acid
and base catalyzed with the rate constants: k, = (9.95 + 1.1) X 106 1/(mol-s) and
k, = (6.21 £ 0.21) x 10° 1/(mol's), respectively. Since the urea protons undergo a
slow exchange with water protons, the CEST effect of urea can be observed effi-
ciently at 3T. However, in neutral solutions the exchange rate of urea is minimal and
cannot be estimated using the quantitative CEST approach.

Conclusions: By means of the WEX-spectroscopy, the kinetic parameters of the
proton exchange in urea solutions have been determined. It was also possible to esti-
mate the exchange rates of urea in a broad range of pH values using the CEST method

at a clinical scanner.

KEYWORDS
CEST, exchange rate, proton exchange, urea, urCEST, WEX

and later transported in the blood to the kidneys for excretion
in the urine.** Diseases that compromise the function of the

Urea is the major end-product of protein catabolism and kidney are often associated with reduced urea elimination
serves an important role in the maintenance of pH homeo- and consequently its increased concentration in blood, as
stasis in mammals."? It is formed in the liver from ammonia, measured by the blood urea nitrogen (BUN) test.’ To assess
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the structural changes in kidneys, well-established imaging
techniques such as ultrasound (US), computed tomography
(CT), and magnetic resonance tomography (MRI) are per-
formed. Nevertheless, they usually do not provide adequate
functional information.’

Chemical exchange saturation transfer (CEST) is a novel
mechanism of MRI contrast that may overcome this limita-
tion, since it has been shown to be sensitive to the concentra-
tions of the endogenous metabolites and microenviromental
properties such as pH and temperature.7'10 Urea is a poten-
tially attractive CEST agent for in vivo use. Although the
normal blood urea level is relatively low (5-10 mM), the urea
concentration in the urine may be 20-100 times higher than in
the blood in humans, as reported in Ref. [l 1] Urea is an amide
with two —NH, groups joined by a carbonyl (C = O) func-
tional group.12 Already in 1998, Guivel-Sharen et al. identi-
fied urea as a major contributor to the kidney/urine chemical
exchange at ca. 1 ppm (with water proton frequency defined
as 0 ppm).13 Two years later, Dagher et al. were able to pro-
duce a urea distribution map in vivo at 1.5 T using CEST
MRI. " Apart from an ISMRM abstract in 2015,15 no further
studies on urea-weighted CEST (urCEST) at a clinical MRI
system have been published.

Knowledge about the chemical shift, exchange rate, and
relaxation properties of urea leads to better understanding
of the saturation transfer effects in the human kidney in
vivo. Because many kidney diseases alter pH and urea gra-
dients in kidney, an implementation of pH-sensitive CEST
imaging might be of great interest particularly in the clini-
cal context.”'® In this study, we characterize the proton ex-
change properties of urea with water using water exchange
spectroscopy (WEX ' at ultrahigh magnetic field, and
evaluate the feasibility of performing quantitative urea
CEST analysis at 3T. In particular, we determine the chem-
ical exchange rates k, between urea amide protons s and
water w as a function of pH, concentration, and temperature
by means of WEX spectroscopy and CEST experiments.

Moreover, in order to examine the specificity of the urea-
weighted CEST imaging in kidney, we study the CEST effect
of other important kidney metabolites, eg, creatinine, ammo-
nia, hippuric acid, and citric acid at different pH values.'®"”
Eventually, we investigate the contribution of the urCEST to
the total CEST effect in urine.

2 | METHODS
2.1 | Preparation of the aqueous urea
solutions

For WEX experiments, six aqueous model solutions contain-
ing 250 mM urea (>99.5% cryst. urea, Carl Roth, Karlsruhe,
Germany), 50 mM sodium/potassium phosphate buffer
(>99% disodium hydrogen phosphate, and >99.5% potassium

dihydrogen phosphate, Carl Roth, Karlsruhe, Germany) and
5% (v/v) deuterium oxide (D,0, 99.8 atom % D, Carl Roth,
Karlsruhe, Germany) for the field-frequency lock were pre-
pared at different pH = (6.39, 6.56, 6.96, 7.38, 7.72, 7.97)
and measured at temperature 7 = 37.0°C. The samples with
pH = 6.56 and pH = 7.97 were additionally measured at var-
ied temperatures T = (22.0°C, 27.0°C, 32.0°C, 37.0°C).

For CEST studies, sixteen 50 ml aqueous solutions with 250
mM urea concentration were mixed with 50 mM Na/K phos-
phate buffer at pH=(5.66,5.72,5.93,6.12,6.20,6.37,6.54, 6.86,
7.00, 7.20, 7.37, 7.65, 7.80, 8.02, 8.20, 8.41). In addition, four
samples containing different urea concentration ¢, = (10 mM,
25 mM, 50 mM, 100 mM) at pH 7.60 were prepared.

The other studied metabolites were: creatinine, ammo-
nia, hippuric acid, citric acid, taurine, creatine, histidine,
glucose, glutamine, myo-inositol, alanine, lysine, allantoin,
threonine, lactate, sorbitol, glutamic acid, choline, and gly-
cogen. The concentration of most compounds was 100 mM,
and the remainder determined by their solubility in the sam-
ple buffer. Each phantom consisted of four tubes containing
model solution dissolved in 50 mM Na/K phosphate buffer at
pH = (6.2, 6.6, 7.0, 7.4). Additionally, individual and mixed
aqueous solutions of 180 mM urea, 15 mM creatinine, and
1 mM creatine, corresponding to the normal concentrations
of these metabolites in urine, were prepared. In addition, an
urine sample was collected from a healthy volunteer. The pH
value of the model mixture and the urine sample were: 5.97
and 5.90 at T = 37°C, respectively.

The temperature of the model solutions during the mea-
surements was kept constant 7 = (37 + 1)°C by using an
MR-compatible cooling box.

22 |

The WEX spectra were acquired on a Bruker Avance III HD
600-MHz NMR spectrometer (Bruker, Ettlingen, Germany)
equipped with a cryogenically cooled quadruple resonance
probe with z-axis pulsed field gradient capabilities. The sam-
ple temperature was calibrated using methanol-d4.20 The ex-
change of water protons with urea was monitored with the
pulse sequence shown in Figure 1 using 33 different mixing
times (7,,) ranging from 20 milliseconds to 2000 millisec-
onds. For each mixing time, 32 transients were recorded with
a recycle delay of 4.7 seconds. The resulting spectra were
processed using NMRPipe and NMRDraw?! and the 'H reso-
nance of urea was integrated.

WEX experiments

23 |

All CEST experiments were performed on the 3T whole
body MR clinical scanners (Magnetom Trio and Magnetom
Prisma, Siemens Healthineers, Erlangen, Germany). Z-spectra
were obtained using presaturated gradient-echo imaging with

CEST experiments
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O x O3 O x -x X -X The T, maps were obtained by pixel-by-pixel least-squares
T fitting of the signal equation I = I,-[1—-2-exp(—TI/T))],
1H N m where I is the signal intensity and 77 is the inversion time.
¥ The exchange rates of urea were calculated as described in
B & Gy B, Es the following sections.
G, = |_| |_| n| O o
2.5 | Determination of k, and k, for urea
FIGURE 1 WEXII pulse sequence with excitation sculpting by WEX

and water flip-back. Narrow and wide bars are hard rectangular 90° and
180° pulses, respectively, applied at maximum permissible amplifier
power with the phase indicated above each pulse. Water-selective 90°
pulses have an E-BURP-1 shape39 and a duration of 12.0 milliseconds
(at 600 MHz). Water-selective 180° pulses have a shape corresponding
to the central lobe of a sinc function and a duration of 4.0 milliseconds.
The basic phase cycle of the WEX II sequence is ¢, : x, —x,x, —x;

¢yi X, X, —X, —X; 31X, —X, —X, X; receiver: x, —x, —x, x and is expanded
by EXORCYCLE phase cycling of the 180° pulses in the excitation
sculpting sequence. The pulsed field gradients are G,: 10 G/cm, 1.0
milliseconds; G,: 1 G/cm; G5: 43 G/cm, 0.5 milliseconds; G,: 19 G/cm,
0.5 milliseconds

the following parameters: FOV = 130 X 130 mm?, matrix
size: 128 x 128, slice thickness = 5.0 mm, repetition time
T = 7.7 milliseconds and echo time 7 = 3.61 milliseconds.
In the urCEST experiments, presaturation was achieved using
50 Gaussian-shaped pulses with low RF saturation power of
B, = 1.0p T, pulse duration7,, = 100 milliseconds and inter-
pulse delay 7;,, = 100 milliseconds (duty cycle DC = 50%,
total saturation time 7, = 9.9seconds). Forty-three saturated
images at evenly distributed frequency offsets between + 4
ppm and an unsaturated image at 300 ppm were acquired.
To determine B, maps using the water saturation shift refer-
encing method (WASSR),* a single Gaussian-shaped pulse
with RF saturation power of B; = 0.1 pT and pulse duration
1,4 = 56 milliseconds was applied. The WASSR z-spectra
were obtained at 42 offsets between —1 ppm and 1 ppm.
Additionally, T1-weighted images were measured by a turbo
inversion recovery sequence. Altogether, 12 contrasts at dif-
ferent inversion delays (TI) ranging from 25 milliseconds to
5 seconds were fitted to calculate 7| maps. The same meas-
urement protocol was applied to acquire the CEST signals in
the phantom including mixed solution of urea, creatinine, and
creatine as well as in the urine sample.

Further phantom experiments were performed using 20
Gaussian-shaped pulses with three different RF amplitudes,
B;=(0.8,1.2,1.6) uT and pulse duration 7,, = 1,,, = 100
milliseconds. Z-spectra were acquired at 45 frequency offsets
between —6 and 6 ppm.

2.4 | Data analysis

Post-processing was performed using in-house written pro-
grams in MATLAB (Mathworks, Natick, Massachusetts).

As in standard amides, proton exchange in urea solu-
tions is acid and base catalyzed and therefore strongly pH
dependent23’24:

kg, =k, - 1077775 4k 107" 4k, (D

where k;, k, and k; (in 1/(mol-s)) are rate constants for the
base-, acid- and water-catalyzed protolysis, respectively.
The rate of the spontaneous reaction (ky) is very slow
compared to acid and base catalyses, and thus assumed
to be negligible.24 The pK,, refers to the negative decadic
logarithm of the ionization constant, which is tempera-
ture dependent according to the solution of the van’t Hoff
equati0n25’26:

AHy 11
mm=okto-( iy ) (77) o

pK, (1) here refers to the logarithm of the water-ion prod-
uct at temperature T, = 25°C, AH}) = 55.84 kl/mol is the
standard reaction enthalpy for the self-dissociation of water
and R = 8.314 J/(mol K) is the gas constant.>>?¢ Thus, we as-
sumed pK,, = 13.617 at T = 37°C. The urea signal intensity
S,(T,,) as a function of the mixing time 7, is given by?**:

kH/S MZW (0)

ksw+R15 _le

S —
c

[e_le'(Tm_TWFB) — e_(kA'vt=+Rl.s)'(Tm_TWFB)]

§,(T,,) =

(©)
where R,,, R, are the longitudinal relaxation rates of the
water and solute pool, respectively; k,, is the chemical ex-
change rate between solute s and water pool w and k,, is the
back-exchange rate; M, (0) is the z magnetization of the
water protons at the beginning of the mixing period. The
kg, + R, values were obtained from a fit of Equation 3 to
the measured urea signal integrals S (7, — Typp) at any given
pH and temperature in MATLAB, where TWFB is a vari-
able fitting parameter introduced to account for the effects
of the water flip-back pulse at the end of the mixing period
(see below). Eventually, the k, and k, rates at given temper-
ature were estimated by bi-exponential fit of the measured
k,, + R, values with the following equation:

W

ky, +R,, =k, 1077 PKe 4 10777 4+ R, )
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Furthermore, the activation energies E, , and E, , of, respec-
tively, base- and acid-catalyzed reactions were calculated by
fitting the measured k,, + R, values at pH 7.97 and pH 6.56
as a function of temperature. It was assumed that at pH 7.97,
the proton exchange with water is dominantly base catalyzed,

hence?’:

kg, + R, =k,(310.15K)
AHY E
] oo e it (i)
! s
®
Similarly, at pH 6.56, the exchange process between water
and amide protons of urea is mainly acid catalyzed, and
thus?’;
kg, +R,,=k,(310.15K)
. [m_ol] : 10"’H+:+(1a0)(m‘%~> +R, 6)
1 N
where k,(310.15K) and k,(310.15K) are the obtained rate
constants at 7= 310.15 K. The R, was assumed to be inde-
pendent of temperature.27

2.6 | Determination of k,, for urea by CEST

Recently, several theoretical approaches of quantifying pro-
ton exchange rates from data obtained in CEST experiments
were proposed,zg'33 especially a novel magnetization transfer
(MT) ratio called MTRp,,, which eliminates spillover effect
and semi-solid macromolecular magnetization transfer, was
introduced by Zaiss et al. >

1 1 R, -DC
MIRee= 7=~ 7- =% ™
lab ref Iw

where Z,,, = Z(+ Aw) is the label scan around the resonance
of the CEST pool s, me = Z(— Aw), the reference scan at the
oppositefrequency withrespecttowater, R, referstotheexchange-
dependent relaxation in the rotating frame and R, is the relaxa-
tion rate of the water pool w. Duty cycle, DC = 1,,,/(1;,4 + 1,4),
is determined by the pulse duration 7,, and the inter-pulse
delay 7;,,. The MTRp,, metric can be extended to an apparent
exchange-dependent relaxation metric, —AREX:

AREX=MTRy,,-R,, 8)

More recently, Roeloffs et al. demonstrated that in the case of
exchange rates that are small with respect to the inter-pulse
delay, modeling magnetization transfer during the pauses
between the RF pulses might be crucial.®® In their theo-
retical model, they assume bi-exponential dynamics of the
magnetization in the water pool during the inter-pulse delay
(ISAR2), instead of a mono-exponential recovery with rate
R,,, ASAR1), as had been previously presumed.36 As aresult,
the MTR,,, metric has to be extended by an additional term:

1_R1wtipd
4+
t dk > (9)

pd"™sw

1 1 _R,DC <1
Zlab Zref le

In the large shift limit (LS) (i) dw, — oo and in the full satura-
tion limit (FS) (ii) w; > R,, + k. when applying RF pulse
at the CEST pool s resonance, R, = f; -k, and hence®*:

k = MTRRex 'le
sw T DCﬁ

where k,, describes the exchange rate of urea, f, the proton
fraction (see below), R, the transverse relaxation rate of the
CEST pool s, o, the RF irradiation amplitude and dw, corre-
sponds to the frequency offset of pool s. The proton fraction

is given by34:

(10)

an

nS
fi= i

£ |e

¢; and n; are the concentration and number of exchangeable
protons per molecule of pool i (i = s or w). It is assumed that
¢, =55Mandn, = 2.

3 | RESULTS
3.1 | Implementation of the WEX II pulse
sequence

For the measurement of water exchange rates we used a phase-
cycled difference experiment based on water-selective inver-
sion using the WEX 1I filter sequence with a 1D 'H readout
as described by Mori et al.'” Because the broad 'H resonance
of urea (5.45 --- 6.05 ppm) is separated from the 'H,O reso-
nance (between 4.66 ppm and 4.80 ppm in the temperature
range studied here) by only 0.65 ppm (390 Hz at 600 MHz)
(Figure 2), such an experiment requires not only highly fre-
quency-selective water inversion but also a 1D 'H readout with
excellent water suppression with water flip-back, a uniform
excitation profile with an extremely narrow transition region
near the 'H, O resonance, and an exceptionally flat baseline. To
this end, the 3-9-19-WATERGATE water suppression scheme
used in the original WEX II sequence '’ was replaced by an
excitation sculpting37 readout with water flip-back38 (Figure
1). Water-selective excitation and water flip-back was achieved
by 12.0 millisecond self-refocusing E-BURP-1* 90° pulses,
water-selective refocusing by 4.0 milliseconds 180° pulses with
a shape corresponding to the central lobe of a sinc(x) = sin(x)/x
function. Simulations based on the Bloch equations and control
experiments were used to establish that these pulses are suffi-
ciently frequency selective that their effect on the ' H resonance
of urea is negligible. In brief, the initial combination of water
selective and hard 90° pulses in Figure 1 selectively aligns the
water magnetization along either the negative (—z) or the posi-
tive (+z) longitudinal axis in successive transients. Solute mag-
netization is rotated into the transverse plane and dephased by
the crushing gradient G,. The differential transfer of the (nega-
tive or positive) longitudinal magnetization of water protons
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FIGURE 2 Overlay of the 1D '"H WEX II spectra recorded using the pulse sequence shown in Figure 1 at pH 6.96 and 37.0°C with T, = 20.0
milliseconds, 40.0 milliseconds, 60.0 milliseconds, 80.0 milliseconds, and 100.0 milliseconds (from bottom to top). Due to scalar relaxation of

the second kind caused by the fast quadrupolar relaxation of the most abundant nitrogen isotope N the urea 'H resonance is very broad®'; the >N
satellites cause a doublet separated by the scalar coupling 'J,,, which is visible as shoulders on the main 'H resonance of urea. Excitation sculpting
with water flip-back results in highly efficient suppression of the residual 'H, O resonance at approximately 4.66 ppm with a very flat baseline.
Magnetization transfer to the urea resonance due to water exchange is approximately linear with the effective mixing time in the initial slope

regime, but due to the effects of the water flip-back pulse in Figure 1 the effective mixing time (7, ) is systematically shorter than 7,,, which is

Tz m

reflected in the disproportionally weak intensity of the urea resonance for 7,, = 20.0 milliseconds

to other metabolites during the mixing time, 7, in successive a flip-up and flip-down pulse, respectively, in successive tran-
scans is obtained by phase cycling the pulses of the WEX II sients. If only flip-down pulses are used for the sake of conven-
filter together with the receiver.!” A weak gradient (G,) is ap- ience, water flip-back will be incomplete and it is important to
plied during the mixing time to prevent radiation damping."’ choose a recycle delay long enough for longitudinal relaxation
Any longitudinal magnetization transferred to the solute is then of '"H, O between successive transients. As an alternative to the

detected with a 1D 'H pulse sequence with excitation sculpt- 1D 'H readout presented in Figure 1, it is also straightforward
ing®” preceded by a water flip-back pulse® to achieve excellent  to take advantage of the much sharper linewidth of the SNH,
water suppression and a very flat spectral baseline (Figure 2). groups of urea at natural abundance by combining the WEX II

While this sequence preserves most of the salient features of filter with a ['H, Y'N] HSQC readout sequence with gradient
the original WEX II sequence,'” we prefer to apply the long coherence selection and water flip-back41 if the signal-to-noise
(12.0 milliseconds) water flip-back pulse at the end of 7,, be- ratio is not limiting.

fore the hard 90° readout pulse in order to keep the excitation

sculpting gradient double echo short enough to limit transverse 32 |
relaxation and any homonuclear scalar coupling evolution. As
a result of the complex trajectory of the water magnetization
during this water flip-back pulse, the effective mixing time is
somewhat shorter than 7, and no longer known a priori, but The chemical shift of the urea amide protons in the WEX
has to be corrected a posteriori by a variable parameter dur- spectra is & = 5.73 ppm at pH 6.96 and T = 37.0°C. The
ing data analysis. An important technical consideration—  experimentally determined signal intensities of urea are
especially on modern high-field instruments with highly sen- in an excellent agreement with the fitted function S,(7,,)
sitive cryoprobes—is the effect of radiation damping, which (Equation 3) (Figure 3) proven by mean fit quality of
opposes water-selective pulses that rotate the magnetization — R> = 1.0.** Similarly, the k,, + R,, values obtained from
away from the positive longitudinal axis (“flip-down”) but six measured samples at different pH match well the fitted
reinforces water-selective pulses that rotate the magnetization  function k,,(pH) + R, (Equation 4) (Table 1, Figure 4).
toward the positive longitudinal axis (“flip-up”). As a result, With a fit quality of R?> = 0.996, the estimated acid- and
flip-down and flip-up water-selective pulses are significantly base- catalyzed exchange rate constants of urea at 37.0°C
different and have to be calibrated independently.40 The water- (310.15 K) are k,=(9.95+1.11) X 10° 1/(mol-s) and
selective WEX 1II excitation pulse in Figure 1 has to be cali- k, = (6.21 £ 0.21) x 10° 1/(mol's), respectively. The as-
brated as a flip-down pulse because it rotates the magnetization sumption of bi-exponential dependence of the urea exchange
from the positive (+z) longitudinal axis into the transverse  rate on pH is thus clearly verified. It is worth noting that the
plane. By contrast, the water flip-back pulse at the end of 7, acid-catalyzed rate constant is much faster than the base-cata-
(hatched in Figure 1) rotates the magnetization from either —z  lyzed rate constant. Using the calculated k, and k;, values, it
or +z into the transverse plane and therefore alternates between is possible to extrapolate the k,, for any pH value (Table 2).

Determination of the exchange rate
constants k, and k;, and the activation energies
E, ,and E, , of urea by WEX
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FIGURE 3 Integrated signal intensities S, of the urea peaks 251 ——fit, adjusted R? = 0.995 |
(squares) at pH = 6.96 and T = 37.0°C as a function of mixing time o measured data, pH 6.56
T,,, and the fit function S,(7,,_, . ) (Equation 3) (solid blue line). The er ——fit, adjusted R* = 0975 ||
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TABLE 1 &, + R, [1/s]and R, [1/s] values in urea aqueous <] 05
solutions (¢, = 250 mM) measured by WEX at different pH and ’ "
temperatures. The standard errors are approximately 0.04% and 0r 4
R =10
-0.5
pH T [°C] R,, [1/s] kg, + Ry, ([1/s]) A ‘ ‘ ‘ °
6.39 37.0 0.29 6.22 3.2 3.25 33 3.35 34
6.56 220 0.39 2.92 TR 1
6.56 27.0 0.35 3.56 FIGURE 4 Determined kg, (squares) values of urea as a
6.56 32.0 0.33 431 function of (A) pH and (B) temperature. A, Temperature 7 = 37.0°C
6.56 370 031 596 and urea concentration c,,,, = 250 mM were fixed. Data were fitted
. . . . using Equation 4 (solid blue line) yielding the following parameters:
€2id 27 020 — k, = (6.21 + 0.21) x 10° I/mol -s, k, = (9.95 + 1.11) x 10° I/mol -s
7.38 37.0 0.30 5.82 and R, = (1.90 + 0.31)s™! (R? = 0.996). B, Arrhenius plot from data
7.72 37.0 0.30 9.63 measured at fixed urea concentration c,,,, = 250 mM at pH 7.97
7.97 22.0 0.38 3.78 (square) and pH 6.56 (circle). Data were fitted using Equation 5 (solid
797 270 035 6.14 blue line) and 6 (solid yellow line) yielding the following values
' ’ ' ' of activation energies: E, , = 43.52 + 9.56 kJ/mol (R* = 0.995) and
7.97 320 0.32 9.93 E,, =79.13 + 15.87 kI/mol (R? = 0.975)
797 37.0 0.30 16.19

The activation energies for base- and acid-catalyzed pro-
ton exchange in urea solution are E, , = 43.52 + 9.56 kJ/mol
(quality of the fit: R?> = 0.995) and E,,=79.13 £15.87
kJ/mol (quality of the fit: R?> = 0.975). The Arrhenius plot
(In(k,,,) against 1/T) gives, as expected, a straight line (Figure 4).

3.3 | Determination of the exchange rates
k, of urea by CEST

The CEST peak from urea is located at ca. 1 ppm with respect
to the water resonance, which is arbitrarily set at O ppm. After
correction of the MTRy,, data for effects of T relaxation (by

multiplying with the R,,, maps), we obtained the apparent
exchange-related relaxation metric (AREX) (Equation 8).
The bi-exponential dependence of the AREX values on pH
confirms that the proton exchange in aqueous urea solutions
is acid and base catalyzed (Figure 5). By varying the urea
concentration ¢, at fixed pH = 8.04 and T = (37 + 1)°C,
we could also demonstrate that the (corrected) AREX is
linearly proportional to the urea concentration (R> = 0.991)
(Figure 5).

Using Equation 11 and the &, ,, values determined by
extrapolation of Equation 4 with the rate constants k, and
k, measured by means of WEX spectroscopy, we were able
to calculate the proton fraction f; and thus the number of
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TABLE 2 Exchange rate k,, [1/s] values in urea model solutions
(¢, = 250 mM) obtained from CEST at different pH and

sw, ref

estimated from WEX by extrapolation of Equation [5]

pH T [°C] kg, [1/s] kg, rop [1/s]
5.66 37+ 1 21.10 £ 2.80 21.84
5.72 37+ 1 19.92 +2.20 19.04
5.93 37+1 14.38 +2.33 11.82
6.12 37+1 7.87 £2.25 7.75
6.20 37+ 1 3.88 +1.88 6.51
7.37 37+1 1.04 +2.10 4.60
7.65 37+1 5.66 +2.41 6.92
7.80 37+1 8.07 + 1.85 9.61
8.02 37+1 15.68 +2.31 15.80
8.20 37+1 2326 +3.14 23.83
8.41 37+1 3411 +3.81 38.58

labile protons in urea n, (Equation 11). Using the AREX
maps of eight model solutions at pH = (5.66, 5.72, 5.92,
6.12, 7.8, 8.02, 8.20, 8.41), we obtained n, = 4.10 + 0.21.
This result suggests that urea possesses four labile

(A) o.2s

02 }

o1 }

AREX

i
0.05 ] ’ i} ; }
0 L
55 6 6.5 7 75 8 85
pH

(©)

FIGURE 5 Apparent exchange-dependent relaxation (AREX) as a function of (A) pH and (B) urea concentration c,
exchange rates k, maps. A, Temperature T = (37 + 1)°C and urea concentration ¢
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protons. Finally, employing the Equation 10 with f, = 4, the
exchange rate k,,, maps of urea can be calculated (Figure 5).
The k,,, derived experimentally from CEST data agree well
with the reference values k,, ,.r, at pH values below 6.2
and above 7.4 at 37°C (Figure 5, Table 2). In the neutral
solutions the exchange rate of urea is minimal and could
not be accurately estimated from the CEST data. In gen-
eral, it is possible to determine the pH maps by solving the
Equation 1 with the &, values calculated from the CEST
data. However, in the case of bi-exponential function we
obtain two real solutions and without additional informa-
tion, we cannot univocally decide which of the two possible
pH values is “correct”.

3.4 | Assessment of pH dependence of the
CEST effect of other kidney metabolites

In order to identify major kidney metabolites, which pos-
sess exchangeable protons and may generate an experimen-
tally measurable CEST effect under physiological condition,
results from animal'® and human studies** on kidney tissues
as well as the Urine Metabolome Database'® were analyzed.

(B) oas : : :
% measured data, pH = 8.
= fit, adjusted R = 0.991
0.1
=
w
4
<
0.05 +
0

25 50 100 200

Urea concentration [mM]

wea and (C) two exemplary
= 250 mM were fixed. The AREX values were obtained from

urea

Equations 8 and 9. B, Temperature 7 = (37 + 1)°C and pH ,,,, = 8.04 were fixed. Data were fitted (solid blue line) using Equations 8-11. The fit
quality was: R?> = 0.991. C, The k,,, maps for two sets of the urea model solutions: #1 (pH 5.66, ¢, = 250 mM), #2 (pH 5.72, ¢, = 250 mM), #3
(pH 5.93, ¢, = 250 mM), #4 (pH 6.12, ¢, = 250 mM), #5 (pH 7.80, ¢, = 250 mM), #6 (pH 8.02, ¢, = 250 mM), #7 (pH 8.20, ¢, = 250 mM), #8
(pH 8.41, ¢, = 250 mM) obtained from the quantitative CEST experiments at 7' = 37°C
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Compound Functional group &, [ppm]a kg, [1/s]b ¢, in urinec,
Sugars Hydroxyl protons (—OH)

Glucose —-OH 12,2.2,2.8% ~2000%364 37.5 (12.5-58.4)
Sorbitol -OH 1.0 n/a 9.9 (2.5-18.7)
Glycogen —OH 1.2,22,3.0% ~600% n/a
Myo-inositol —OH ~0.8, ~0.9, ~1.1% 600% 22.4(7.9-36.1)
Amino acids Amino protons (—NH,)

Creatinine —NH, ~1.3 n/a 14743497974
Creatine Guanidinium protons 1.9 ~490e, 46 (3-448)
Histidine —NH,, -NH n/a n/a, 1700r,%7 43 (17-90)
Glutamine —NH, 2.9 n/a 37.3 (19.1-77.9)
Alanine —NH, 3.07 ~30304,% 21.8 (7.1-43.1)
Lysine —NH, 3.0 40007,%7 17.2 (3.7-51.3)
Threonine —NH,, —OH n/a, n/a n/a, 7007,% 13.3 (6.4-25.2)
Glutamate —NH, ~3.0 ~2000:,% 8.5 (3.3-18.4)
Miscellaneous

Urea —NH, 1.0 ~1 12285 (174-49097)
Ammonia NH; 245 n/a 1900.0 + 350.0
Hippuric acid —OH, —NH n/a, n/a n/a, n/a 229 (19-622)
Citric acid —OH 0.6-0.8%° >2000% 203 (49-600)
Taurine —NH, ~3.0% 3004, 81 (13-251)
Allantoin —NH,, -NH ~1.0, ~3.0 n/a, n/a 15.4 (4.9-29.3)
Lactate —OH 0.4 350:,7° 11.6 (3.5-29.3)
Choline —-OH ~1.0% ~400% 3.5 (1.4-6.1)

* 8, in ppm is relative to the resonant frequency of water. ®Measured at pH 7.4 and at T = 25°C unless otherwise noted. “Concentrations of all compounds are given in
[pM/mM creatinine] unless otherwise noted. 4 uM “Measured at pH7.51. "Measured at pH7.0and T = 36°C. “Measured at pH7.0and T = 22°C. "Measured at pH

5.6. iMeasured at pH 7.0.

Only molecules found in relatively high abundance in kid-
ney tissue and urine were investigated. Finally, a compre-
hensive list of the potential CEST-active metabolites was
created (Table 3). The z-spectra and magnetization transfer
ratio asymmetry (MTR,,,,) curves were measured at various
pH values. While all of the systematically tested metabolites
possess exchangeable protons, not all of them generate large
CEST contrast at 3T in the measured pH range of 6.2-7.4 and
temperature 7" = 37°C (z-spectra and MTR;,,,

shown). Creatinine, creatine, glutamine, alanine, allantoin,
and glutamate showed the highest CEST effect under physi-
ological conditions (Figure 6).

curves not

3.5 | Investigation of the specificity of
urea-weighted CEST imaging

To examine the specificity of urCEST, aqueous solutions
containing three most abundant urine metabolites that show
measurable CEST effect, namely urea, creatinine, and cre-
atine, were prepared at pH 5.97 and measured at 7 = 37°C

(Figure 7). The concentrations of the individual compounds
were: 180, 15, and 1 mM for urea, creatinine and creatine,
respectively, corresponding to the normal concentrations
of these metabolites in urine (Table 3). The determined ex-
change rate of urea was: k, = 9.25 & 1.79, indicating good
agreement with the reference k,,, value (k,,, = 10.80 + 1.13).

Moreover, the calculated z-spectrum and the MTR,;,,, curve
of the mixed phantom were similar to those obtained in the
urine sample at pH 5.90. Both CEST spectra reveal a domi-
nant peak at ca. I ppm, which can be assigned to the exchang-

ing amide protons of urea.

4 | DISCUSSION

4.1 | Proton exchange in aqueous urea
solutions

Inourstudy, we were able to determine experimentally the urea
exchange rate constants with high accuracy. The previously
reported rate constants of urea are: k, = (7.0 + 2.0) X 10°
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FIGURE 6 Experimentally obtained z-spectra (solid lines) and MTR,

asym

curves (dashed lines) of different kidney metabolites at 7 = 37°C.

The metabolites are: (A) creatinine (100 mM), (B) creatine (100 mM), (C) glutamine (100 mM), (D) alanine (100 mM), (E) allantoin (35 mM), (F)

glutamate (50 mM)

1/(mol-s), k, = (4.8 + 1.6) x 10° 1/(mol-s) at T = 22°C (29),
and k, = (9.0 £ 1.0) x 10° 1/(mol-s), k, = (2.4 + 1.0) x 10°
I/(mol-s) at T = 35°C 2444 and have been measured by use of
line shapes of urea and water in 'H NMR. For amides, this
method is not exact because of line broadening associated
with "*N quadrupole relaxation of the amide nitrogen.45 Asan
alternative, line shapes for the proton-coupled >N NMR spec-
tra were calculated for investigating the NH-exchange rates of

urea, yielding the following results: k, = (18.0 + 12.0) x 10°
l/(mol-s), k, = (4.4 + 1.0) X 106 1/(mol-s) at T = 32°C.45 It
seems that the WEX II method provides smaller standard
errors than the linewidth-based methods and thus improves
the accuracy and precision of predictions. Although all previ-
ous estimated k, and k, values are in good agreement, direct
comparison of the results is difficult due to differences in the
experimental conditions, such as the buffer concentration
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dashed line), 1 mM creatine (blue dash-dot line), their mixture (blue
solid line) at pH 5.97 and for the urine sample (red solid line) at pH
5.90. The temperature of the model solutions during the measurements
was kept constant at 7 = (37 + 1)°C

and temperature. Since the pH in urea solutions tends to drift
slowly because of CO, absorption and decomposition of urea
into ammonium and cyanate ions,24’46 we dissolved urea in
50 mM Na/K-phosphate buffer. The pH value did not change
over a period of several hours.

The acid-catalyzed rate constant of urea is large compared
to rate constants for acid-catalyzed protolysis of most am-
ides. 2 High k, rate constant suggests higher probability of
H, 0" with nitrogen than with oxygen, resulting in observable
proton transfer.** Thus, the large value of k, for urea solution
implies protonation on urea nitrogen rather than oxygen.44

The comparison of the estimated activation energies
E,,~ (19 +4) kcal/mol and E, , ~ (10 +2) kcal/mol
with the apparent heat of activation for amide hydrogen ex-
change of about 17 kcal/mol, reported by Englander et al
shows good agreement.47 Recently, Bodet et al. estimated
the effective activation energy of amide proton exchange
E, o, = (54.12 £ 9.15) kJ/mol =~ (13 * 2) kcal/mol in car-
nosine solutions buffered with (1/15) M PBS buffer.”” The
same study also showed that the buffer has a strong influence
on the amide hydrogen exchange rate and its dependence on
pH and temperature. This finding should be taken into con-
sideration when analyzing our results.

42 |

Several methods have been proposed for estimation exchange
rates, which is possible due to their dependence on the satura-
tion power and time.??13348-30 The water exchange (WEX)
filter sequence has already been used for measuring exchange
rates of slowly exchanging species. 17.2137 Therefore, we de-
cided to apply this method to amide exchange in aqueous urea
solutions. In contrast to the original WEX II sequence, we
used excitation sculpting instead of WATERGATE technique

WEX and CEST methods

for water suppression. Because of the large width of the urea
peak and its nearness to the water resonant frequency, we
expect that the WATERGATE water suppression may neg-
atively impact the urea signal due to the lack of sufficient
selectivity.5 ! One of the challenges with the spectroscopy
(MRS)-based methods, such as the WEX approach, is the low
sensitivity, which makes it difficult to detect low abundance
metabolites in vivo. Furthermore, the WEX experiments are
not suitable for measuring faster rates since the signal of the
exchangeable peak is reduced owing to exchange with sup-
pressed water pr0t0n.28’52 The WEX spectroscopy has been
already used to measure exchange rates of creatine guanidin-
ium protons and amide protons of carnosine on a 3T clinical
MRI syste:m.26’27 However, this method is not applicable to
urea samples at low magnetic field.

The exchange rates of urea derived from CEST experi-
ments are in good agreement with those obtained by WEX
experiments. However, it was not possible to determine the
k,,, values of urea in the physiologically relevant pH range.
Derivation of the exchange-dependent relaxation rate R,,
used here is based on the assumption that the influence of
the R, is negligible against k,,, for exchanging system.”>>*
This requirement is not fulfilled for exchange rates that are
in the order of the longitudinal relaxation rate R,,. Moreover,
in the neutral solutions the CEST effect was minimal and
thus the signal to noise ratio was insufficient for a proper
quantification.

In order to determine the quantitative CEST parameters
of urea, we have applied the extended steady-state method
AREX, introduced by Roelloffs et al.**** For extremely
slow exchange rates of urea, modeling of bi-exponential
decay during the break was important. The exchange rates
obtained using the “standard” AREX approach, were sig-
nificantly overestimated (approximately 40%). Since the
CEST contrast depends on both concentration and kg,
necessary to employ quantitative methods that allow sepa-
rating these parameters. Previous study have shown that the
CEST effect can be represented as a linear function of 1 /B?
and that the exchange rate and proton fraction can be de-
termined independently by linear regression (the so-called
(uL)-plo't).31'33’48’49 However, this method seems to be not
applicable at low exchange rates due to a high noise level
and small B, dispersion.?®°

In our study, we have investigated a number of important
kidney/urine metabolites with exchangeable protons that may
produce a CEST effect in vivo. However, for most of them no
CEST contrast in the examined pH range and at a buffer con-
centration of 50 mM was observed at 37°C. This is consis-
tent with the fast exchange. Moreover, in the case of hydroxyl
groups of, eg, myo-inositol, glucose, and glycogen the reso-
nance peaks were possibly within the linewidth of the water
resonance. Therefore, it is unlikely that any of these metabo-
lites contribute to the total CEST effect at ca. 1 ppm in kidney

it is
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at clinical field. Besides urea, several other compounds
show a measurable CEST effect under physiological condi-
tions at 3T. These might potentially overlap with the urea
CEST signal in the urine/kidney in vivo. The absolute urea
quantification might be, therefore, considerably hampered. In
our study, we were able to estimate the k,, of urea from CEST
experiments performed on a mixture model solution of urea,
creatinine, and creatine. However, we have assumed that the
urea concentration is much higher than the creatinine con-
centration (12:1), as had been previously measured in urine
(Table 3)." The difference in M TR, between the urine and
mixture peaks results most likely from slightly different pH
values as well as different concentrations of individual me-
tabolites in urine compared with the mixed solution. To the
best of our knowledge, no study determined absolute con-
centrations of metabolites in human kidney in vivo. Further
extensive research is necessary in order to assess the con-
tribution of other kidney metabolites superimposed on the
urCEST effect at different pH.

pH-sensitive chemical exchange saturation transfer (CEST)
MRI is a promising new method for in vivo applications.”® %
Exogenous CEST agent pH mapping have already been applied
for kidney imaging. The measured pH in kidneys was shown to
vary between 5.4 and 7.4 for healthy mice.”® Since the exchange
rate of urea is minimal at this pH range, it might be challenging
to obtain the pH maps of kidneys using only the quantitative
urea-weighted CEST method. On the other hand, pH could
be measured independently using paraCEST (eg, Lanthanide-
DOTA-tetraamide complexes,56 Eu3+ based agent556’57) or
diaCEST agents (eg, Iopamidols&jg) in order to derive urea
concentration by combining Equations 1 and 10.9

5 | CONCLUSIONS
In our study, we present a successful application of the WEX
spectroscopy for determining exchange rate constants of urea
and evaluate the feasibility of the quantitative urea-weighted
CEST imaging at a clinical MRI system. We show that simi-
lar to simple amides, proton exchange in aqueous urea so-
lutions is acid and base catalyzed with the rate constants:
k,=(9.95+1.1)x 10 I/(mol-s) and k, = (6.21 + 0.21) x 10°
I/(mol's), and activation energies: E, , =79.13 £ 15.87
kJ/mol and E,, =43.52+9.56 kl/mol, respectively.
Although urea protons undergo a slow exchange with water
protons, it was possible to estimate its exchange rate at pH
values below 6.2 and above 7.4 at T = (37 + 1)°C using the
quantitative CEST analysis. Moreover, several other kid-
ney metabolites, which are expected to partially conceal the
CEST effect of urea in vivo, were examined. Further investi-
gations are needed to characterize the explicit dependence of
the exchange rate constant of urea amide protons on different
pH buffer systems.
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